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ABSTRACT

Nudel, an Unusual Mosaic Protease Involved in Defining
the Embryonic Dorsal-Ventral Axis of Drosophila Melanogaster

Charles Chansik Hong
Yale University
1998

Dorsal-ventral polarity of the Drosophila embryo is determined by positional
information that originates outside of the embryo. This information, which is created
during oogenesis by the somatic follicle cells surrounding the oocyte, is utilized
following fertilization to trigger a spatially regulated serine protease cascade in the
extraembryonic perivitelline space. This protease cascade, which appears to be
activated only on the presumptive ventral side of the embryo, generates the ligand for
the Toll transmembrane protein that polarizes the embryo by inducing ventral
development
This thesis presents evidence that nudel, a gene maternally required in somatic
tissue for the formation of Toll’s ligand, plays a key role in the transmission of the
positional information that determines embryonic dorsal-ventral polarity. The nudel
gene was cloned and found to be expressed in follicle cells when they are secreting egg
shell components during oogenesis. However, nudel function can be disrupted after
fertilization, hours to days after follicle cells have degenerated, suggesting that the
nudel gene product persists in the fertilized egg to play a direct role in producing Toll's
ligand during embryogenesis. The nudel gene encodes a large modular protein that
structurally resembles extracellular matrix proteins. Consistent with its being an
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extracellular matrix component, nudel is required for structural integrity of the egg.
Moreover, the nudel protein contains several motifs that may bind serine proteases or
their zymogens, as well as two regions that resemble a serine protease catalytic domain.
Strikingly, catalytic activity of the serine protease domain which lies at the center of
nudel’s primary structure appears to be required specifically for generating embryonic
polarity. Based on these findings, it is proposed that nudel functions both to anchor
and to trigger the protease cascade leading to Toll’s ligand, and is therefore an essential
component of the extracellular cue that defines embryonic dorsal-ventral polarity.
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The heavens declare the glory of
God;
the flies* proclaim the work of his
hands.

Psalm 19:1

*altered from original "skies" without expressed written consent of its author ;)
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"Natura enim non nisi parendo vincitur."
At first men try with magic charm
To fertilize the earth,
To keep their flocks and herds from harm
And bring new young to birth.
Then to capricious gods they turn
To save from fire or flood;
Their smoking sacrifices bum
On altars red with blood.
Next bold philosophers and sage
A settled plan decree,
And prove by thought or sacred page
What Nature ought to be.
But Nature smiles—a Sphinx-like smile—
Watching their little day
She waits in patience for a while—
Their plans dissolve away.
Then come those humbler men of heart
With no completed scheme,
Content to play a modest part,
To test, observe, and dream,
Till out of chaos come in sight
Clear fragments of a Whole;
Man, learning Nature's ways aright,
Obeying, can control.
The changing Pattern glows afar;
But yet its shifting scenes
Reveal not what the Pieces are
Nor what the Puzzle means.
And Nature smiles—still unconfessed
The secret thought she thinks—
Inscrutable she guards unguessed
The Riddle of the Sphinx.

Hilfield, Dorset
1929
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Note on Nomenclature

Each Drosophila gene and the protein encoded by it typically share a common
name. According to guidelines for publication in Genetics, an official journal of the
Genetics Sciety of America, names have been italicized when they refer to genes,
genotypes or gene activities, but not italicized when they refer to proteins or gene
products.

The term "Toll ligand," which efers to the ligand for Toll, is used in this thesis
according to an unofficial convention established by Kathryn Anderson and her
colleagues.
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Chapter I

INTRODUCTION

A.

Nature of Positional Information:

a Core Issue in the Study of

Developm ent.
Virtually every life form visible to the naked eye comes into being gradually
from one cell, following an intricately orchestrated progression of events defined
broadly as development. While commonplace, development, even that of the
"simplest" of metazoans, is an enormously complex endeavor. It involves the
generation of multitude of specialized cells from a single fertilized egg and the
organization of cells in exquisite spatial patterns necessary for survival of the organism
as a collective whole. Development is also of enormous importance, as it must be
faithfully recapitulated in every generation to insure continuation of all metazoan
species. Development of the multicellular organism, therefore, is a phenomenon central
to biology, and one of the most remarkable in all of nature.
Development of each species unfolds according to a specific body plan which is
responsible for the species' anatomical characteristics. Such characteristics are formed
as the embryonic cells give rise to various tissues and organs in appropriate spatial
orientations and relations. In essence, elaboration of the body plan can be viewed as a
“cascade” of pattern formation by which embryonic cells become differentiated and
organized spatially to form progressively more complex structures and patterns
(Wolpert, 1978). At each step in pattern formation, cells must sense their relative
positions in the developing organism and choose the appropriate developmental
pathways. To do so, embryonic cells rely on positional information consisting of
spatial asymmetries formed in preceding steps of embryogenesis (Wolpert, 1978).
Since the formation of embryonic pattern involves both the interpretation of pre-existing

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

positional information and the generation of new ones, the issue of positional
information is central to understanding how an egg becomes a complex, multicellular
organism. Indeed, the nature of positional information that guides pattern formation
and hence drives development has been a topic o f intense interest and scrutiny for over
a century.
Broadly speaking, there are two classical views on the nature of positional
information. The first, originally suggested by studies of the embryogenesis in the frog
(Roux, 1888), in the mollusk Patella coemlea (Wilson, 1904) and in the tunicate Styela
partita (Conklin, 1905), emphasized the role o f morphogenic determinants that are
segregated to different regions in the cytoplasm o f the fertilized egg. In this view,
embryonic cells that form in different regions o f the oocyte obtain different cytoplasmic
determinants, each specifying a prescribed cell fate. When embryonic cells divide, each
determinant is further segregated asymmetrically in the daughter cells, where it controls
the localization of downstream determinants that establish more refined patterns. A
succession of such asymmetric distributions thus delineates a particular cell lineage
contributing to the formation of a specific tissue or region of the body. The second
view, first proposed by Boveri (1901), emphasized the role of the diffusible
extracellular signal, termed morphogen. Early experimental support for this view came
from the demonstration of induction of secondary body axis by Spemann’s organizer in
the amphibian (Spemann and Mangold, 1924) and from the demonstration of
vegetalizing and animalizing gradients in the sea urchin embryo (Horstadius, 1935).
The classic morphogen is emitted from an organizing center, defined as a region in a
field of cells that can dictate, that is induce, fates of surrounding cells (Wolpert, 1969).
As the morphogen diffuses from the organizer and is taken up or degraded by
surrounding cells at a uniform rate, the steady state morphogen concentration decreases
with the distance from the organizer. Since different concentrations of the morphogen
specify different cell fates in the responding tissue, the morphogen concentration
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gradient in a field o f cells provides the positional values necessary to generate pattern
within the field (Wolpert, 1978).
The two divergent views of positional information were thought to reflect the
basic differences in modes of development utilized by distinct species. For instance, in
animals such as the mollusk, the tunicate and the nematode Caenorhabditis elegans
where cell lineage appeared to be paramount for determining the particular dssue or
region of the body that is formed, pattern formation was thought to be mediated
primarily by morphogenetic determinants intrinsic to embryonic cells, rather than by
inductive interactions between cells. In contrast, inductive interactions involving
diffusible morphogens were thought to be more important for pattern formation in more
complex animals such as the vertebrates. For much of this century, the two classical
descriptions of positional information remained just that, without detailed
understanding of the actual mechanisms involved.
The past decade or so, however, has brought tremendous advances in our
understanding of the mechanisms of development, mainly from the recent
breakthroughs in systematic analyses of the genetic basis of pattern formation in the
fruit fly Drosophila melanogaster. The first such breakthrough resulted from the large
scale mutagenesis screens of mutations causing defects in the Drosophila embryonic
pattern that were carried out by Nusslein-Volhard and Wieschaus in the late 1970's and
the early 1980's (Nusslein-Volhard and Wieschaus, 1980). Their pioneering studies
identified a large number of genes required specifically for the formation of embryonic
pattern. In hindsight, their phenomenal success is not surprising, since the faithful
reproduction of every species in each generation demands that the developmental
programs guiding pattern formation be under genetic control. Perhaps more
importandy, the genetic studies enabled classification of the genes involved in pattern
formation according to the considerably fewer mutant phenotypes produced. Since
common phenotypes produced by mutations in one class imply that these genes act in a

3
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common pathway to specify a discrete aspect of the embryonic pattern, their
classification provided an important framework for understanding how these genes
might act in various biochemical pathways to direct pattern formation (St. Johnston and
Nusslein-Volhard, 1992). Molecular characterization of some of the genes in recent
years have added an unprecedented level of detail to our understanding o f the
mechanisms involved. At last, the chemical natures of positional information guiding
development are becoming revealed, bringing significant revisions of the two classical
notions o f positional information as well as blurring the distinction between the two.

B.

Determination of Embryonic Axis in Drosophila M elanogaster
In the multistep process of development, earliest patterns that form serve as

foundations upon which subsequent and more intricate patterns are based. The earliest
patterns o f many developing animals include polarities along the body axes, namely the
anterior-posterior axis, representing the head-to-tail polarity, and the dorsal-ventral
axis, representing the back-to-belly polarity (Gerhart et al., 1983). The profound
influence o f the body axes on the overall organization of an animal is manifested in
striking polarities along these axes that persist in the adult bodies of innumerous
metazoans, including the human. Specification of the body axes, therefore, can be
considered a foundation for the animal body plan, yet its mechanism remained largely
unknown until the recent tide of molecular genetic studies on axis determination in the
Drosophila embryo (St. Johnston and Nusslein-Volhard, 1992).
Crucial factors in the tremendous success of the genetic analyses of embryonic
axis determination in Drosophila were some notable features of Drosophila
development itself. First, the cuticle, which covers the animal beginning in late
embryogenesis, forms distinct morphologic patterns that reflect body segmentation of
the embryo as well as its dorsal-ventral and anterior-posterior polarities. Second,
patterning defects in the Drosophila embryo are compatible with significant, albeit

4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

abnormal, development such that specific consequences of alterations in the
developmental program are evident in the dead or dying mutants. Thus, the cuticle
secreted by dying mutants proved to be a relatively permanent as well as easily scored
indicator of alterations in the embryonic axis (Niisslein-Volhard and Wieschaus, 1980).
Like most insect eggs, the Drosophila egg is very large relative to the adult size.
This is reflected in the fact that embryogenesis leading up to the first instar larva stage
occurs without growth of the embryo, which remains confined inside the egg shell until
hatching. Upon fertilization, the zygotic nucleus undergoes several rounds of nuclear
divisions without accompanying cell division. Remarkably, the first 10 cycles of
nuclear divisions last an average of only 8 minutes each. After the first 8 nuclear
cycles, or roughly 80 minutes after fertilization, the nuclei begin to migrate to the
periphery o f the egg, where they continue dividing. The embryo at this stage prior to
cellularization is called the syncytial blastoderm, reflecting the fact that no cell
membrane yet separates the nuclei. At nuclear cycle 9, nuclei at the posterior end of the
egg become enveloped by the cell membrane to form the germ line precursors called the
pole cells. At cycle 14, or roughly 3 hours after fertilization, the egg membrane folds
inward between the nuclei, eventually enclosing each nucleus to form a cell. The
embryo at this stage, called the cellular blastoderm, consists of a sheet of approximately
6000 cells at the periphery, around the central egg yolk (Campos-Ortega and
Hartenstein, 1985). The transcription level increases dramatically at this stage, and the
cells soon begin movements of gastrulation (Edgar and Schubiger, 1986).
Embryo polarity, or regional specification, along both the anterior-posterior and
dorsal-ventral axes is evident very early in Drosophila embryogenesis (Campos-Ortega
and Hartenstein, 1985). The formation o f pole cells at nuclear cycle 9, for instance,
indicates that the posterior region of the embryo is already determined within just 2
hours of fertilization. After cellularization, regional differences in cell types along the
body axes can be determined from changes in cell shape, movements of cells and

5
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patterns of cell division during gastrulation. For instance, early in gastrulation, cells of
the prospective ventral midline invaginate to form the ventral furrow. Nearly
perpendicular to the ventral furrow, the cephalic furrow is formed by movements of
cells in the anterior region.
Embryonic axes o f Drosophila are, in fact, established even before any gross
morphological asymmetries are evident (Driever, 1993; Chasan and Anderson, 1993).
Classic transplantation experiments by Poulson showed that the fates of embryonic
cells at the cellular blastoderm stage are already determined according to their original
positions within the embryo (Poulson, 1950). Furthermore, genetic analysis of zygotic
genes required for embryonic pattern formation and the molecular characterization of
some of these confirmed the very early establishment of the embryonic axes (St.
Johnston and Nusslein-Volhard, 1992). These studies showed that, while gross
embryonic pattern in terms of anatomical regionalization is not yet evident in the
syncytial blastoderm, the basic "prepattems" along the embryonic axes were already
established at this stage in the form of discretely localized expression of zygotic
patterning genes.
For embryonic axes to be established so early in embryogenesis, the fertilized
egg must already possess some initial polarity capable of defining the embryonic axes.
This is most obvious from the cylindrical shape of the Drosophila egg and the fact that
the anterior-posterior axis o f the embryo invariably forms along the length of the
cylinder. Furthermore, gross asymmetries in the egg morphology always correlate
with patterns of initial cellular differentiation and movements (Campos-Ortega and
Hartenstein, 1985). For example, the micropyle, an opening within the eggshell
through which sperm enters, invariably lies opposite the posterior end, where the pole
cells form. In addition, curvature of the egg is always greater on the side where the
ventral furrow forms than on the opposite side.

6
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The first evidence that polarity of the insect embryo was dictated by oocyte
determinants came from classical embryological experiments by Sander using the
leafhopper insect Euscelis (Sander, 1965). Ligature of the Euscelis egg into separate
anterior and posterior halves led to the formation of partial embryos containing only the
anterior and the posterior structures, respectively. Neither partial embryos produced
the middle segments. When cytoplasm from the posterior pole of Euscelis was
transplanted into a central region of the ligated egg, a small yet complete animal formed
anterior to the transplantation site, while an incomplete embryo formed posteriorly.
These results demonstrated that the anterior and the posterior ends of the insect egg
emitted at least two distinct signals that specify formation of certain structures while
repressing the formation of others. Sander postulated that the insect egg contained
anterior and posterior organizing centers, which initiate two distinct gradients that
specify the anterior and posterior poles, respectively (Sander, 1975). Interaction
between the two gradients was postulated to somehow generate the positional
information that specify the middle regions of the embryo.
The first hint at the molecular nature of oocyte components which determine
embryonic axis of insects was provided in the midge Smittia (Kalthoff and Sander,
1978). Exposure o f the anterior region of the Smittia egg with ultraviolet light at
wavelengths (265 and 285nm) capable of inactivating RNA molecules caused the
resulting embryo to lack anterior structures like the head, and to form mirror image
duplication of the posterior end instead. A similar phenotype was produced when
ribonuclease was allowed to enter the Smittia egg through a puncture on the anterior
end. While these studies in Smittia suggested that RNA could serve as an oocyte
determinant, the genetic analyses of pattern formation in Drosophila melanogaster has
permitted actual identification of specific factors that determine embryonic polarity.
Genetic studies have identified the pathways that specify the two major axes of
the Drosophila embryo (St. Johnston and Nusslein-Volhard, 1992). The anterior-

7
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posterior axis o f the Drosophila embryo is established by interactions between three
distinct genetic pathways, termed the anterior system , the posterior system, and the
terminal system. The dorsal-ventral axis, meanwhile, is established by a single, albeit
more complicated, genetic pathway, termed the dorsoventral system. Ail four systems
involve maternal genes, which are expressed during oogenesis and whose mutant
phenotype is found in the offspring of mutant females [Zygotic genes, by contrast, are
expressed after fertilization and its mutant phenotype is found in the mutant embryos
themselves]. That the genes controlling embryonic axes formation are required
maternally is not at all surprising, since pattern formation in Drosophila is controlled in
large extent by initial spatial cues present in the oocyte.
Indeed, embryological and molecular analyses of the four maternal systems
identified genetically suggest that the four systems are involved in generating the initial
chemical cues in the Drosophila egg to define the embryonic axes (St. Johnston and
Nusslein-Volhard, 1992). The anterior and the posterior systems each produce a
graded cytoplasmic determinant, while the terminal and the dorsoventral systems each
produce a signal localized outside the egg plasma membrane. The maternally
synthesized determinants then directly or indirecdy control the region-specific
expression of zygotic patterning genes in the syncytial blastoderm. Thus, the three
pronged approach involving genetic, embryological and molecular analyses has
contributed greatly to our basic understanding o f how the embryonic axes are
determined in Drosophila. In doing so, it has also uncovered some of the earliest
examples of different paradigms by which positional information is specified in the
embryonic cell.
Recent studies have provided remarkable insight on how the positional
information that define both of the Drosophila body axes originate in the mother's
ovary (Gonzalez-Reyes et al., 1995; Roth et al., 1995). In the ovary, the basic unit of
oogenesis giving rise to a single egg is the egg chamber, which is composed o f 16

8
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interconnected germ line cells, including the developing oocyte, and an epithelium o f
somatic follicle cells that cover the germ-line cells. During oogenesis, the egg chamber
acquires asymmetries that correspond to both anterior-posterior and dorsal-ventral
dimension o f the mature egg (Manseau and Schiipbach, 1989). One of the first
asymmetry to appear is displacement of oocyte to the posterior portion of each egg
chamber. Within the oocyte, the nucleus is initially located posteriorly and then moves
to the anterior-dorsal comer. Later in oogenesis, the follicular epithelium on the ventral
side assumes a more columnar appearance than on the dorsal side. The follicular
polarity is ultimately reflected in visible asymmetries in the egg shell, which is
deposited by the follicle cells (Schiipbach, 1987). Importantly, disruption of the
follicular polarities results in polarity defects not just in the eggshell but also in the
embryo (Schiipbach, 1987; Ruohola-Baker et al., 1993; Hsu et al., 1996). Thus, both
embryonic axes arise from polarities present during oogenesis in the egg chamber.
The egg chamber polarities along both anterior-posterior and dorsal-ventral
dimensions are established by an inductive signal originating in the oocyte nucleus
(Anderson, 1995). This signal, a transforming growth factor-a (TGF-a) homolog
encoded by the gurken gene, acts as a ligand for an epidermal growth factor (EGF)
receptor homolog that is encoded by the torpedo gene and expressed on the follicle cells
(Price et al., 1989; Neuman-Silberberg and Schiipbach, 1993). Early in oogenesis,
when the oocyte nucleus is located posteriorly, gurken induces follicle cells closest to
the oocyte nucleus to adopt a posterior cell fate. Posterior follicle cells then send back
to the oocyte a second signal which induces repolarization of oocyte microtubules. The
resulting microtuble polarity along the anterior-posterior axis of the oocyte is essential
for proper localization of cytoplasmic determinants that establish anterior-posterior axis
of the embryo (Gonzalez-Reyes et al., 1995; Roth et al., 1995). Later in oogenesis, as
the oocyte nucleus moves anteriorly, it becomes displaced laterally also. Gurken now
acts as an inducer of dorsal fate for follicle cells closest to the oocyte nucleus (Neuman-

9

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Silberberg and Schiipbach, 1993). As was the case for anterior-posterior axis, the
resulting dorsal-ventral polarity of follicle epithelium ultimately defines embryonic
dorsal-ventral polarity (Schiipbach, 1987). However, the signal responsible for
embryonic dosal-ventral polarity is not transmitted to the germ-line during oogenesis;
instead, it is transmitted only after fertilization.

C. Anterior-Posterior Axis of the D rosophila Embrvo
Embryonic pattern along the anterior-posterior axis depends on specific
molecular asymmetries present in the oocyte. Maternal genes of the three distinct
genetic pathways, the anterior, the posterior and the terminal systems, function to lay
down these molecular asymmetries, which act as spatial cues in the egg that activate the
expression of a group of zygotic genes called the gap genes. The gap genes, expressed
in wide, partially overlapping domains along the anterior-posterior axis, regionalize the
syncytial blastoderm embryo into broad territories along this axis (St. Johnston and
Niisslein-Volhard, 1992). The gap genes then control the expression of pair-rule
genes, each of which are expressed in 7 stripes that divide the embryo into regions
corresponding roughly to two body segments. The pair-rule genes, in turn, trigger
expression of the segment polarity genes in 14 stripes that further divide the embryo
into segment-wide units. Finally, the gap, pair-rule and segment polarity genes interact
to control the regional transcription of the homeotic genes, which determine the
developmental fate of each segment (Levine and Harding, 1989).

The Anterior System.
The anterior system is involved in specifying the head and the thorax o f the
embryo. Mutations in any of the genes in the anterior system cause a reduction or loss
of the head and thoracic structures. These defects are not due to a selective elimination
of embryonic cells programmed to produce anterior structures but rather to a failure to

10
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specify developmental programs responsible for anterior structures. A consequence of
this is that posterior developmental programs become expanded at the expanse o f more
anterior programs, resulting in a shift in the fate map of the blastoderm where
individual cells initiate developmental programs normally assumed by cells located
more posteriorly (Driever and Niisslein-Volhard, 1988b). Such an anterior shift in
blastoderm fate map is first evident in a similar shift in the expression patterns of gap
and pair-rule genes as well as the positions of initial cell movements (Struhl et ai.,
1989).
Molecular, genetic and embryological studies suggest that the anterior system
gene bicoid encodes the key molecule that determines the anterior pattern of the
blastoderm embryo. During oogenesis, the bicoid mRNA is synthesized in the nurse
cells that lie anterior to the oocyte within the developing egg chamber, and is
transported to the oocyte via cytoplasmic bridges that connect the nurse cells to the
oocyte. The bicoid mRNA is localized to the anterior end of the oocyte cytoplasm
adjacent to the nurse cells, which degenerate toward the end of oogenesis, and remains
anteriorly localized in the mature egg. Upon fertilization, the bicoid mRNA is
translated. Like the morphogen described by the classic morphogen gradient model
(see above), the bicoid protein forms an anterior-to-posterior concentration gradient as
it diffuses from the anterior pole and becomes degraded at a uniform rate within the
embryo syncytium (Berleth, etal. 1988; Driever and Niisslein-Volhard, 1988a; Struhl
et al., 1989). As predicted for a morphogen, when the bicoid gradient is expanded
toward the posterior by increasing the copy number of the bicoid gene in the mother,
the anterior fate map is also expanded posteriorly (Struhl et al., 1989). In addition,
creation of a second bicoid protein gradient by injection of in vitro synthesized bicoid
mRNA into another position in the embryo produces an ectopic anterior pattern in
which the site closest to the injection site forms the most anterior structures like the
head while the surrounding areas form the thoracic structures (Driever et al., 1990).
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Thus, the concentration gradient of bicoid provides positional values necessary and
sufficient to define polarity and pattern of the anterior half of the embryo. These and
other results established bicoid as the first morphogen to be identified.
The bicoid protein, however, differs from the classic notion o f a morphogen in
that its gradient is formed intracellularly in the embryonic syncytium rather than
extracellularly in a field of cells and that its asymmetric distribution in the egg’s
cytoplasm is more reminiscent of the classic localized determinant. The bicoid protein
appears to be a sequence-specific DNA binding protein that directly activates
transcription of zygotic patterning genes. First of such targets to be identified was the
gap gene hunchback, which is required for the formation of a part o f the head and the
thorax. The bicoid protein activates zygotic hunchback transcription in the anterior half
of the syncytial blastoderm embryo (Schroder et al., 1988; Driever and NiissleinVolhard, 1988b; Struhl et al., 1989). Besides hunchback, bicoid also regulates the
transcriptional activation of other zygotic genes, such as buttonhead, orthodenticle,
empty spiracles, and giant (Dalton, et al., 1989; Cohen and Jurgens, 1990; Finkelstein
and Perrimon, 1990; Eldon and Pirrota, 1991; Kraut and Levine, 1991). While the
exact mechanism o f how different threshold concentrations of bicoid specify different
positions in the anterior half of the embryo is yet to be established, a conversion of the
smooth bicoid gradient into discrete domains of zygotic gene expression appears to be
involved.

The P o sterio r System .
The posterior system is responsible for abdomen development as well as germ
line determination. The central role of this system is the formation o f a complex
cytoplasmic structure, termed pole plasm, at the posterior end of the blastoderm embryo
(Mahowald, 1968; Illmensee and Mahowald, 1974). The pole plasm, which consists
of RNA and protein, is thought to contain two localized signals, the posterior
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determinant specifying abdomen development and the germ line determinant (Lehmann
and Ephrussi, 1994). Most of the identified genes in the posterior system are required
for the localization and assembly of the pole plasm during oogenesis, so females mutant
for such genes produce offspring which lack both abdominal segmentation and germ
cells (Boswell and Mahowald, 1985; Lehmann and Niisslein-Volhard, 1986;
Schiipbach and Wieschaus, 1986; Manseau and Schiipbach, 1989; Boswell, 1991;
Lehmann and Niisslein-Volhard, 1991). The posterior system genes nanos and
pumilio, by contrast, are not necessary for the formation of pole plasm but only for the
determination of the abdomen (Lehmann and Niisslein-Volhard, 1987a; Lehmann and
Niisslein-Volhard, 1991).
Several lines of evidence suggest that oskar, one o f the posterior system genes
encodes the key localized determinant that directs the step wise assembly of pole plasm
(Ephrussi et al., 1991; Kim-Ha, 1991). First, oskar RNA and protein are first to
become localized to the posterior pole of the oocyte during oogenesis. Most
importantly, mislocalization of the oskar RNA and protein to the anterior pole of the
embryo can induce germ cell and abdomen formation at the ectopic site by directing the
formation of pole plasm there. Two other posterior system genes, vasa and tudor, are
required for stable accumulation of the oskar protein during the assembly of pole plasm
(Markussen et al., 1995; Breitwieser et al., 1996). It remains yet to be determined
which molecule constitutes the germ cell determinant (Rongo and Lehmann, 1996). In
either case, there is no evidence for a functional gradient of the oskar protein; thus
oskar appears to function essentially as a classic localized cytoplasmic determinant
(Rongo and Lehmann, 1996).
The posterior determinant, which actually specifies the abdomen rather than the
posterior structures implied by the name, is encoded by the nanos gene (Lehmann and
Niisslein-Volhard, 1991; Wang and Lehmann, 1991). Injections of in vitro transcribed
nanos mRNA can rescue the abdomen defects not only of nanos mutants but also that
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of all other posterior system mutants. Furthermore, mislocalization of nanos mRNA to
the anterior pole can induce ectopic abdomen formation independent of pole plasm
formation, suggesting that a function of the pole plasm is to create a localized source of
nanos mRNA.
The posterior determinant nanos shows intriguing parallels to the anterior
determinant bicoid, as well as important contrasts. For instance, nanos mRNA is
strictly localized to the posterior pole plasm of the freshly laid egg (Wang and
Lehmann, 1991). Following fertilization, nanos mRNA is translated to yield a protein
that becomes distributed in a posterior-to-anterior concentration gradient (Dahanukar
and Wharton, 1996). The graded distribution of nanos protein controls the expression
pattern of the zygotic gap genes knirps and giant, both of which are required for the
formation of the abdominal pattern (St. Johnston and Niisslein-Volhard, 1992). Unlike
bicoid, however, nanos does not regulate the zygotic gap genes directly but rather
indirectly by inhibiting transladon of the maternal transcript of the hunchback gene,
which encodes the transcripdonal inhibitor of knirps and giant (Wharton and Struhl,
1991) In summary, the role of the posterior determinant nanos in abdominal
specification is to prevent posterior expression of hunchback, whereas the anterior
determinant bicoid activates zygodc transcription of the hunchback gene in the anterior
half of the embryo.
Curiously, in the freshly laid egg, the hunchback mRNA is uniformly
distributed as a result o f the maternal expression of hunchback during oogenesis
(Schroder et al., 1988; Tautz, 1988). Nevertheless, the nanos protein ensures that the
hunchback protein is distributed in a concentration gradient complementary to its own
by inhibiting translation of the hunchback mRNA and causing its degradation (Tautz,
1988; Tautz and Pfeifle, 1989; Wharton and Struhl, 1991). Inhibition of maternal
hunchback expression is in fact the sole function of the posterior determinant nanos
since, in the absence o f the maternal hunchback expression, nanos is completely
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dispensable for normal development (Hiilskamp et al., 1989; Irish et al., 1989; Struhl,
1989). Another curious aspect of nanos is that it has the latent capability to prevent
expression of bicoid as well, even though normal bicoid gradient is formed in the
absence of nanos (Wang and Lehmann, 1991). These fascinating aspects of the
posterior system undoubtedly pose important, although still unclear, implications for
the genesis of the fly body plan.

The Terminal System
As the name implies, the terminal system is involved in specifying the structures
at the anterior and the posterior ends of the embryo. Mutations in the terminal system
cause deletions of acron, the anterior-most structure, and of telson, the posterior-most
structure. As it will be made evident in this thesis, the terminal system exhibits
numerous similarities to the dorsoventral system, which will be introduced below. For
instance, in contrast to the anterior and the posterior systems, the terminal and
dorsoventral systems do not involve cytoplasmic determinants that are localized in the
egg. Instead, the terminal and the dorsoventral systems each involve extracellular
spatial cues generated by somatic follicle cells that surround the developing oocyte
during oogenesis (St. Johnston and Niisslein-Volhard, 1992). These cues persist
outside the mature egg even after the follicle cells degenerate toward the end of
oogenesis. Following fertilization, these cues ultimately lead to the localized activation
of transmembrane receptors that are uniformly distributed in the blastoderm embryo
(Hashimoto et al., 1988; Sprenger et al., 1989).
Genetic analysis of the terminal system genes suggest that their products
participate in a signal transduction pathway, the central component of which is a
transmembrane receptor tyrosine kinase encoded by the torso gene (Sprenger, et al.,
1989). Like the bicoid or nanos mRNA, the torso mRNA is synthesized during
oogenesis, stored in the mature egg and translated following fertilization. However,
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unlike bicoid or nanos, the torso mRNA is not localized to a particular region of the
egg, and the torso protein is uniformly distributed around the embryo surface.
Consequendy, the embryonic termini are specified not by torso distribution but rather
by the localization of its tyrosine kinase activity at either poles (Casanova and Struhl,
1989). The local activation of torso upon ligand binding triggers an intracellular
signaling cascade resulting in the activation of the gap genes tailless and huckebein at
the termini, thus setting into motion the establishment of the terminal pattern (Perrimon,
et al., 1995).
Gain o f function torso mutations, which cause ligand-independent activation of
torso's tyrosine kinase activity and hence abnormal expansion of the terminal
structures, were instrumental in determining the order of the terminal system
components within the signal transduction pathway (Klingler et al., 1988). In double
mutant combinations, the gain-of-fimction torso mutation was epistatic to mutations in

torso-like, trunk, fs(I)Nasrat, and/sf 1)pole hole , but not to a mutation in l(I)pole hole
and corkscrew, suggesting that torso-like, trunk, fs(I)Nasrat, and fs( 1)pole hole are
genetically upstream of torso, and presumably required for activation of the torso
receptor tyrosine kinase, whereas l(l)pole hole and corkscrew, which respectively
encode a serine/threonine kinase and a protein tyrosine phosphatase, are required for
transmission o f the torso-transduced signalling (Ambrosio et al., 1989; Perkins, et al.,
1992).
An outstanding issue in the specification of the termini is how the upstream
genes, torso-like, trunk, fs( 1)Masrat, and fs(l)pole hole, are involved in the production
of the localized extracellular ligand for torso at both tips of the egg (Sprenger and
Niisslein-Volhard, 1992). Of the four, torso-like (tsl) is unique in that it is required in
the soma, not the germiine, of the mother. This raised the possibility that some of the
1000 or so somatic follicle cells that surround the anterior and the posterior termini of
the developing oocyte are involved in laying down the spatial cues outside the egg that
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mark the two termini (Stevens et al., 1990). The molecular cloning o f the torso-like
gene confirmed that it is specifically expressed in the specialized follicle cells at the
anterior and posterior ends of the oocyte (Savant-Bhonsale and Montell, 1993; Martin
et al., 1994) and that its protein product persists at both ends on the surface of the early
embryo (Martin et al., 1994). As expected for a localized determinant of terminal
pattern formation, ectopic expression of tsl during oogenesis causes either the
disruption of abdominal segmentation or the development of ectopic terminal structures
(Savant-Bhonsale and Montell, 1993; Martin et al., 1994).
Recent studies suggest that trunk rather than torso-like encodes the torso ligand.
First, the terminal phenotype (absence of terminal structures) caused by a trunk
mutation cannot be rescued by ubiquitous expression of torso-like gene, suggesting that

torso-like functions genetically upstream of trunk in the pathway (Furriols and
Casanova, unpublished results). Second, the trunk protein shows striking structural
similarities to spatzle, the inactive precursor to the extracellular ligand specifying the
dorsoventral pattern (Casanova et al., 1995; the dorsoventral system will be discussed
below). The sequence of the trunk protein also suggests that trunk, like spatzle, may
be proteolytically processed to form an active ligand. At present, however, there is no
experimental evidence for such proteolytic processing of the trunk protein. Since torso
like does not contain structural motifs implicated in protein processing, it is not clear at
all how the localized determinant torso-like is involved in converting trunk into the
active torso ligand. The roles of fs(l)Ncisrcit and/sf 1)pole hole in this process are
completely unknown. In any case, a limiting amount of the active ligand appears to be
produced at the two terminal regions within the extraembryonic periviteliine space
between the embryo and the eggshell. Binding of the ligand to the torso receptor not
only triggers the intracellular signal involved in formation of the terminal pattern but
also restricts diffusion of the ligand away from the terminal sources (Sprenger and
Niisslein-Volhard, 1992; Casanova and Struhl, 1993).
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D. Dorsal-Ventral Axis of the D rosophila Embryo.
Classic fate map studies have indicated that the Drosophila blastoderm embryo
is regionalized along the dorsal-ventral axis into four distinct domains: the ventral
midline, which gives rise to mesodermal tissues; the ventrolateral region, which gives
rise to ventral epidermis and ventral nerve cord; the dorsolateral region, which gives
rise to dorsal epidermis; and the dorsal midline, which gives rise to the extra-embryonic
amnioserosa (Technau, 1987). Formation of the dorsal-ventral pattern is controlled by
a single maternal pathway called the dorsoventral system (St. Johnston and NiissleinVolhard, 1992). Mutations in the dorsoventral system cause global perturbation of the
embryonic dorsal-ventral pattern (Anderson and Niisslein-Volhard, 1984). This
contrasts with the anterior-posterior patterning process, which involves the three
aforementioned maternal pathways, each of which is responsible for specifying more or
less one particular region along the anterior-posterior axis.
Mechanistically, the formation of dorsal-ventral pattern is similar to the terminal
patterning processing in that it is determined by positional information that originates
outside the embryo (St. Johnston and Niisslein-Volhard, 1992). The information that
defines the embryonic dorsal-ventral axis is created by somatic follicle cells, which
surround the oocyte during oogenesis and secrete components of the eggshell that will
encase the egg (Schiipbach, 1987; Stein et al., 1991). The follicle cells are thought to
create a spatial asymmetry in the extraembryonic perivitelline space, the fluid-filled
compartment that lies between the embryonic plasma membrane and the vitelline
envelope, the innermost layer of the eggshell. Following fertilization, this asymmetry
is utilized to polarize the embryo. Since the positional information created by the
follicle cells is transmitted to the embryo after these cells have degenerated toward the
end of oogenesis, embryonic dorsal-ventral patterning involves an unusual mechanism
that has been referred to as delayed induction (St. Johnston and Niisslein-Volhard,
1992).
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Embryonic dorsal-ventral polarity is induced by a signal transduction
pathway involving the transmembrane receptor Toll.
The dorsoventral system is comprised of twelve maternal gene products in the
signal transduction pathway by which the external spatial asymmetry in the mature egg
is conveyed to the embryo (Morisato and Anderson, 1995). O f the twelve genes,
eleven, collectively known as the "dorsal group," are required for activation of the
signalling pathway, whereas the twelfth gene, cactus, functions to regulate it. A
complete loss of function mutation in any of the dorsal group genes (except for nudel,
see Chapter 3) causes mutant females to produce completely dorsalized embryos
missing all ventral and lateral structures (Anderson and Niisslein-Volhard, 1984), while
partial loss-of-function mutations in the dorsal group genes cause weakly and
moderately dorsalized phenotypes, representing less drastic shifts in cell fates along the
dorsal-ventral axis (Anderson and Niisslein-Volhard, 1986). Thus, a progressive
reduction in the activities of the dorsal group genes produces a progressively greater
expansion of dorsal structures at the expense of ventral and lateral structures. These
observations implied that formation of the dorsal-ventral pattern involves induction of
ventral development by the dorsal group pathway, with dorsal development
representing the default program, and that the signal which polarizes the embryo might
function as a graded morphogen, higher levels of which induce more ventral
development.
The initial asymmetry in the perivitelline space functions to restrict the
production of the polarizing signal to the prospective ventral side of the embryo (Stein
et al., 1991). The ventrally produced signal functions as a ligand that activates the Toll
transmembrane receptor, which is uniformly distributed on the surface of the syncytial
blastoderm embryo. The Toll ligand, although freely diffusible in the absence of Toll,
appears to be sequestered upon binding to Toll (Stein et al., 1991). Thus, Toll not only
receives the polarizing signal but also localizes it ventrally at the site of its synthesis
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(Hashimoto et al, 1988, 1991; Stein et al., 1991). Activated Toll then transduces the
external signal to the ventral cytoplasm.
As was the case for the terminal system, mutations causing opposite phenotypes
were crucial in ordering the components of the dorsal-ventral patterning pathway
(Anderson and Niisslein-Volhard, 1986). While most mutations in the dorsal-ventral
system produce dorsalized embryos, the loss-of-function mutations in cactus, and gainof-function Toll mutations, which cause ligand-independent activation of the Toll
protein, produce ventralized embryos that lack lateral and dorsal pattern elements.
Epistasis analyses of double mutant combinations indicate that seven of the dorsal
group genes, easter, gastrulation defective, nudel, pipe, snake and windbeutel, function
genetically upstream of Toll to activate the Toll receptor ventrally. By contrast, cactus
and the three dorsal group genes dorsal, tube and pelle act genetically downstream of

Toll to transmit the intracellular signal transduced by Toll (Morisato and Anderson,
1995).
The intracellular signaling pathway initiated by Toll bears intriguing
resemblance to a pathway of the mammalian immune response. First of all, the
intracellular domain o f Toll exhibits 26% amino acid identity with that of the
interleukin-1 receptor (Keith and Gay, 1990). Moreover, a human homologue of Toll
which can activate the adaptive immune response has recently been discovered
(Medzhitov et al., 1997). In mammals, activation of the immune signalling pathways
leads to the disruption of the complex between NF- kB (nuclear factor-icB) transcription
factor and the I- k B class proteins which inhibit NF-kB activity by retaining it in the
cytoplasm (Blank et al., 1992). This permits migration of NF- kB into the nucleus,
where it activates various immunologic genes. In an analogous manner, the primary
effect of Toll signalling is to release dorsal, a homologue of NF- kB, from inhibition by
cactus, a member of the I-k B class of molecules and thereby permit the nuclear
localization of dorsal (Morisato and Anderson, 1995).

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The pelle and tube genes, both of which act genetically downstream o f Toll but
upstream o f dorsal, encode intermediate components in the intracellular signaling
pathway from Toll to the dorsal/cactus complex (Hecht and Anderson, 1993).
Epistasis experiments using dominantly activated versions of the pelle and tube genes
suggest that tube, which encodes a novel protein without sequence similarity to known
proteins, acts upstream of pelle, which encodes a serine/threonine kinase belonging to
the raf-mos subfamily (Letsou et al., 1991; Shelton and Wasserman, 1993; GroBanset
al., 1994). Biochemical and molecular evidence indicates that the pelle and tube
proteins interact directly. Interestingly, tube, which is closely associated with the
plasma membrane, appears to be distributed in a ventral-to-dorsal gradient dependent
on Toll signaling (S. A. Wasserman, unpublished data) These results suggests that
ventral activation of Toll somehow leads to a ventral enrichment in tube membrane
localization, which is in turn responsible for ventral activation of pelle. Although both
cactus and dorsal are phosphorylated in vivo, it is not yet clear whether pelle kinase
activity disrupts the dorsal/cactus complex by a direct phosphoryladon. In the
mammalian immune system, the signal-dependent phosphoryladon and degradadon of
I-kB appear to be responsible for the disruption of the NF-kB/I-kB complex (Blank et
al., 1992). In the Drosophila embryo, cactus degradation appears to be the major
mechanism by which Toll-mediated signalling releases dorsal from cactus inhibition
(Belvin et al., 1995). The precise role of tube and pelle in this process is yet to be
determined.

Role o f the Dorsal Protein Gradient in Establishing the Embryonic
Dorsal-ventral Pattern
The ventral signal transmitted by Toll ultimately leads to a differential
localization of the dorsal protein in nuclei of the early embryo (Roth et al., 1989;
Rushlow et al., 1989; Steward, 1989). In the freshly laid egg, the dorsal protein,
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translated during oogenesis from maternally encoded mRNA, is uniformly distributed
in the cytoplasm. When the somatic nuclei reach the periphery of the embryo at nuclear
cycle 10 (stage 3), the asymmetric nuclear distribution of the dorsal protein becomes
first evident. Already at this stage, dorsal nuclear localization is graded, with the
highest level in nuclei at the ventral midline. During the syncytial blastoderm stage, a
clear nuclear concentration gradient of dorsal protein is formed along the embryonic
dorsal-ventral axis. The highest nuclear concentration of dorsal is achieved in a 12-15
nuclei-wide stripe at the ventral midline. The nuclear concentration decreases rapidly in
the regions lateral to the ventral midline such that the dorsal protein is undetectable in
nuclei on the dorsal half of the embryo. This nuclear gradient of dorsal appears to be
generated entirely by graded nuclear localization, and not distribution, since the dorsal
protein becomes redistributed uniformly in the cytoplasm every time nuclear
membranes disintegrate during mitosis.
The dorsal protein behaves like a classic morphogen since the nuclear
concentration gradient of dorsal is sufficient to generate multiple structures along the
dorsal-ventral axis (Roth et al., 1989; Rushlow et al., 1989; Steward, 1989). At the
highest levels of dorsal found in the ventralmost nuclei, dorsal directly acts as a
transcriptional activator of twist and snail, two zygotic genes responsible for mesoderm
formation. At intermediate levels found in lateral nuclei, dorsal activates expression of
rhomboid, which specifies neuroectoderm. Thus, the positional information contained
in the dorsal gradient determines the pattern of the ventral half of the embryo.
By contrast, the pattern of the dorsal half cannot be specified directly by a
dorsal gradient, since nuclear dorsal is undetectable there. Rather, pattern formation in
the dorsal half, which includes the dorsal ectoderm and the amnioserosa, requires a
complex interaction between products of zygotic genes such as decapentaplegic (dpp),
screw (sew), short gastrulation (sog), shrew (srw), tolloid (tld) and Misted
gastndation (tsg) (Ferguson and Anderson, 1991). O f these gene products, the dpp
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protein, a member o f the transforming growth factor-[3 (TGF-(3) family, appears to be
the extracellular morphogen primarily responsible for specifying the dorsal pattern
(Ferguson and Anderson, 1992a). Role of the proteins encoded by other zygotic genes
appears to be modulating dpp activity post-translationally such that a gradient of dpp
activity is established in the dorsal half of the embryo with maxima at the dorsal most
region. For example, tolloid, a metalloprotease homologous to the mammalian bone
morphogenic protein-1 (BMP-1), and screw, another member of the TGF-p family, act
to enhance dpp activity on the dorsal side of the embryo, while sog, a chordin
homologue, functions to repress dpp activity ventrally (Ferguson and Anderson,
1992b; Marques et al., 1997). Since the dorsal protein specifies the initial expression
domains of the zygotic genes that produce the dpp activity gradient, dorsal plays a key,
albeit indirect, role in the dorsal pattern as well.

The Dorsal-ventral Axis o f the Embryo Is Defined by an Extracellular
Signal
The dorsal protein gradient depends on initial positional information in the form
of a spatial asymmetry in the perivitelline space. The formation of this positional
information and its transmission to the developing embryo require an extracellular
signaling pathway involving seven dorsal group genes, easter, gastrulation defective,

nudel, pipe, snake, spatzle and windbeutel, that function genetically upstream of Toll.
The final step in this pathway appears to be the ventrally localized production of the
ligand for Toll (Morisato and Anderson, 1995).
In a series o f elegant experiments involving transplantation of extracellular fluid
contained in the perivitelline space, Stein et al. (1991) identified a soluble factor, termed
"polarizing activity," that induces the ventral pole wherever it is injected in the
perivitelline space of the early embryo. The production of this activity requires the
seven dorsal group genes that function genetically upstream of Toll, while the recipient
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embryo's ability to respond to the activity requires Toll function. Furthermore, the
polarizing activity was extractable only from the perivitelline space of embryos lacking

Toll, suggesting that the activity is normally not freely diffusible because it is tightly
bound to the Toll protein. Thus, the polarizing activity identified by Stein et al. exhibits
many if not all of the properties expected for Toll ligand.
The polarizing activity appears to function as a morphogen which specifies
pattern in the ventral half of the blastoderm embryo (Schneider et al., 1994). When
injected into the perivitelline space, the polarizing activity was capable of specifying
dorsal-ventral pattern, with higher concentrations eliciting progressively more ventral
cell fates. Such a dose-dependent response suggests that a gradient of the polarizing
activity, presumably in the form of Toll ligand, triggers graded activation of Toll.
Thus, positional values along the dorsal-ventral axis could arise from a ventral-todorsal concentration gradient of the Toll ligand in the perivitelline space. Such gradient
could in turn result from generation of Toll ligand in a similarly graded or a ventrally
localized manner. The gradient of Toll ligand has not yet been directly demonstrated,
however.
Among the seven dorsal group genes, ecister, gastrulation defective, nudel,

pipe, snake, spatzle, and windbeutel, that are required to produce the polarizing
activity, spatzle most likely encodes Toll ligand itself. (Morisato and Anderson, 1994;
Schneider, et al., 1994). Among the seven, spatzle appears to be most immediately
upstream of Toll, since a dominantly ventralizing spatzle allele is active in embryos
lacking products of the other six. The spatzle gene encodes several related proteins
ranging in size from 47-60kD that are secreted into the perivitelline space (Morisato and
Anderson, 1994). From these forms of spatzle, a smaller 23kD form that corresponds
to the C-terminal portion of spatzle is produced by proteolytic processing. The 23 kD
C-terminal fragment, which contains an arrangement of cysteines called the cystine knot
motif, may be the functional ligand since it purifies with the polarizing activity and
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appears sufficient for Toll activation (Morisato and Anderson, 1994; Schnieder et al.,
1994). Importantly, the putative Toll ligand is absent in dorsalized mutants lacking any
of the genes upstream of spatzle whereas increased levels are found in ventralized
mutants with a constitutively active form of easter. Thus, the six upstream genes may
function to control spatzle processing into the proteolytic fragment that activates Toll
(Morisato and Anderson, 1994).
How does the active ligand for Toll become distributed asymmetrically?
Distribution o f the spatzle protein per se cannot be responsible since spatzle appears to
be freely diffusible in the perivitelline space and distributed uniformly around the
embryo (Stein and Niisslein-Volhard, 1992; Morisato and Anderson, 1994). Rather,
spatial distribution of the Toll ligand appears to be a consequence of localized ligand
production (Morisato and Anderson, 1995). Once generated the ligand appears to
become tightly bound to Toll, thereby prevented from diffusing from the site of its
synthesis (Stein et al., 1991; Stein and Niisslein-Volhard, 1992). Therefore, polarity
of the dorsal-ventral axis appears to be determined by the localization of the proteolytic
processing o f the spatzle protein into the active 23kD fragment. Indeed, tight regulation
of ligand generation can be inferred from the fact that less than 10% of the spatzle
protein is processed (Morisato and Anderson, 1995).

A Protease Cascade Is Involved in G enerating the A ctive Toll Ligand.
An intriguing aspect of the establishment of the dorsal-ventral axis is that three
genes, easter, gastrulation defective and snake, required for processing of spatzle into
Toll ligand, appear to encode members o f the trypsin family of extracellular serine
proteases (DeLotto and Spierer, 1986; Chasan and Anderson, 1989; Konrad and
Marsh, 1990). The easter, gastrulation defective and snake proteins share the general
characteristic of the trypsin family: each contains the signal sequence, the variable Nterminal prodomain and the highly conserved catalytic domain. The sequence
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similarities to the catalytic domains of chymotrypsin, whose structure has been
determined, allow prediction o f the residues lining the substrate binding pocket and
hence the amino acid specificity o f the proteases. For instance, the easter and snake
sequences predict that each protease cleaves the peptide bond after a basic residue
(Chasan and Anderson, 1989; Smith et al., 1994). Like many members of the trypsin
family, the easter, gastrulation defective and snake proteases may have narrow
substrate specificities. Another important feature common among many extracellular
serine proteases is that they are secreted from cells as inactive precursors. Each
precursor is then converted to an active enzyme by a specific proteolytic cleavage
between the N-terminal prodomain and the C-terminal catalytic domain, which remain
tethered to each other by a disulfide bond. Cleavage is thought to activate enzyme
function in part by removing the inhibitory influence of the prodomain on the catalytic
domain. In a similar manner, the easter, gastrulation defective and snake proteins may
be converted into active proteases by limited proteolysis occurring in the perivitelline
space (Stein and Niisslein-Volhard, 1992; Chasan et al., 1992). Consistent with this
view, truncated forms of easter and snake engineered by deleting the prodomains
appear to be constitutively active (Chasan et al., 1992; Smith and DeLotto, 1994).
Experiments with the constitutively activated forms of easter and snake suggest
that a cascade of sequential protease activation is required to produce the Toll ligand
(Chasan et al., 1992; Smith and DeLotto, 1994). For instance, a constitutively active
form o f easter, eaAN, which does not require zymogen cleavage for activation, can
cause the expansion of ventral and lateral structures in the absence of gastrulation

defective and snake, as well as nudel, pipe and windbeutel, but not spatzle (Chasan et
al., 1992). This result places easter immediately upstream of spatzle in the pathway,
implying that easter may be directly responsible for processing the spatzle protein to
generate the Toll ligand. With a similar strategy using a constitudvely active form of

snake, snkAne, snake was placed upstream of easter but downstream of gastrulation
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defective (Smith et al., 1994). Since snake encodes a protease predicted to cleave after
a basic residue, such as the arginine immediately N-terminal to the putative activation
cleavage site of the easter zymogen, the snake protease could activate easter by direct
proteolytic processing. In an analogous manner, the gastrulation defective protease
could directly activate snake by cleaving the zymogen form. Thus, while biochemical
evidence for direct interaction between the three putative proteases and spatzle is still
lacking, they can be ordered in the following sequence of proteolytic activation:
gastrulation defective, snake, easter, and spatzle (Smith and DeLotto, 1994).
In many respects, the protease cascade occurring in the perivitelline space is
reminiscent of the protease cascades of mammalian blood clotting and complement
activation (Furie and Furie, 1988; Esser, 1994). The serine proteases that participate in
the mammalian protease cascades circulate in the blood as non-enzymatic zymogens.
Upon trigger by a vascular injury or a pathogen insult, the zymogens become
sequentially activated in a cascade of limited proteolysis. The end result of each
protease cascade is the local generation of biological effectors such as insoluble fibrin
clots or membrane attack complexes (Furie and Furie, 1988; Esser, 1994). In an
analogous fashion, both easter and snake proteins appear to be capable of circulating in
the perivitelline space (Stein and Niisslein-Volhard, 1992). In their perivitelline fluid
transfer experiments, Stein and colleagues show that perivitelline fluid containing the
easter and snake activities can completely restore a normal dorsal-ventral axis to embryo
lacking them, independent of the site of injection. One interpretation of these results is
that the easter and snake proteins are each capable of diffusing as zymogens from the
site of injection or synthesis to the presumptive ventral side, where they become
activated in a localized protease cascade. Similar conclusions can be drawn from
experiments involving the injection of in vitro synthesized easter or snake RNA, or the
snake protein (Chasan et al., 1992; Smith and DeLotto, 1994; Smith et al., 1995).
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An important concept to emerge from the study of the mammalian blood
coagulation cascade is the role of multicomponent enzyme complexes (Tans and
Rosing, 1986; Furie and Furie, 1988). Compared to the serine proteases involved in
digestion, the blood coagulation proteases have a much lower intrinsic enzymatic
activity towards their physiologic substrates (Tans and Rosing, 1986). In such
systems, assembly of proteases and cofactors into membrane-bound macromolecular
complexes serves to generate maximal protease activation as well as to localize the
protease activities. Assembly of such complexes involves protein-protein interactions
mediated by the N-terminal prodomains of proteases, which remain tethered to the
carboxy-terminai catalytic domains following proteolytic activation (Banner et al,
1996). A similar "zymogen activation complex" has been proposed to explain how the
protease cascade which produces the Toll ligand is spatially localized (Chasan et al.,
1992). In this model, easter and snake proteins circulate in the perivitelline space as
zymogens, but they become active only upon assembly in a ventrally localized
macromolecular complex (Figure 1.1).

The Spatial Cue that Defines the Dorsal-Ventral Axis.
Recall that embryonic polarity along the dorsal-ventral axis is defined by
positional information that apparently originates in the ovarian follicle cells, which
surround the germ cells during oogenesis but degenerate prior to fertilization
(Schiipbach, 1987). Therefore, the spatial cue in the mature egg which defines the
dorsal-ventral axis o f the embryo must meet two major criteria. First, the cue must
convey the positional information originating in the follicle cells to the embryo in the
absence of direct interaction between the follicle cells and the embryonic cells. Stable
transmission of the positional information is likely to require a cue deposited by the
follicle cells and subsequently immobilized in the extracellular space surrounding the
embryo. Second, the cue must be capable of spatially regulating the protease cascade
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that produces the Toll ligand. Of the dorsal group genes required to activate the
protease cascade, only three, nudel, pipe and windbeutel, are required in the somatic
tissue, presumably in the ovarian follicle cells, and therefore most likely to function
directly in generating the cue (Stein et al., 1991).
One way for ovarian follicle cells to faithfully transmit positional information to
the embryo prior to their degeneration would be to create a spatial cue which becomes
stably immobilized in the extracellular milieu encircling the embryo (Figure 1.2).
During oogenesis, for instance, a spatial cue could be secreted along with egg shell
components into the extracellular space between follicle cells and developing oocyte,
and then incorporated into the nascent egg shell as it encases the maturing egg. Such a
cue could be generated by the actions of the soma-dependent genes, nudel, pipe and

windbeutel. Indeed, in contrast to the easter, snake and spatzle activities, which appear
to be readily diffusible in the perivitelline space, soluble nudel, pipe or windbeutel
activity could not be detected in transplantation experiments of Stein and NiissleinVolhard (1992). O f the three soma-dependent genes, nudel is also required for the
structural integrity o f the egg (Rice, 1973; Anderson and Niisslein-Volhard, 1986),
suggesting that the nudel gene product persists in the mature egg, perhaps as an egg
shell component. It was possible, therefore, that nudel served as a component of the
spatial cue that directly links the embryonic dorsal-ventral polarity to the earlier polarity
that was present during oogenesis.
Considering the fact that spatial regulation of the protease cascade producing
Toll ligand is critical for embryonic dorsal-ventral polarity, a very attractive possibility
is that nudel, pipe and windbeutel function to deposit a ventrally localized or enriched
cue that organizes the formation of a zymogen activation complex (Figure 1.2; Chasan
et al., 1992). Whether this is actually so, however, is not definite, especially since
general mechanism o f protease cascade initiation and spatial regulation has not yet been
fully elucidated. The study of nudel, pipe and windbeutel, therefore, could contribute
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to a better understanding how protease cascades are regulated in medically important
systems like blood coagulation and complement activation.
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Figure 1.1.

Model of Spatial Regulation of the Serine Pro teases

Involved in Dorsal-Ventral Axis Formation.
Shown here is a cartoon cross section of the syncytial blastodem embryo
representing the extracellular signalling pathway leading to the induction of dorsalventral polarity. Ventral side is on bottom, while dorsal side is on top. In this
model, zymogens of the putative serine proteases easter, gastrulation defective and
snake, as well as the precursor of Toll ligand (all shown here as black squares)
circulate freely in the extraembryonic perivitelline space between the vitelline
envelope and the plasma membrane. However, the three serine proteases become
sequentially activated only upon their assembly in a ventrally-localized zymogen
activation complex (shown here as a pair of scissors). The protease cascade,
whose activation is thus restricted ventrally, generates the active Toll ligand (shown
as hatched squares) only on the ventral side. Subsequent ventral activation of Toll
(shown as small spikes on the plasma membrane) results in a ventral-to-dorsal
gradient of the dorsal transcription factor in nuclei (shown as small circles beneath
the plasma membrane with different degrees of shading).
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Figure 1.1. Model o f Spatial Regulation o f the Serine Proteases
Involved in Dorsal-Ventral Axis Formation.
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Figure 1.2.

Model of Transmission of the Positional Information

that Defines the Embryonic Dorsal-Ventral Axis.
Represented here are the egg chamber (above) developing in the adult ovary, and
the embryo (below). Ventral side is on bottom, dorsal on top, anterior on left, and
posterior on right.

Above. Each egg chamber is comprised of 16 interconnected germ-line cells,
including the developing oocyte, and an epithelium of somatic follicle cells that
cover the germ-line cells. The egg chamber, particularly late in oogenesis, exhibits
asymmetries which correspond to the dorsal-ventral axis of the mature egg
(Manseau and Schiipbach, 1989). For instance, the follicular epithelium on the
ventral side assumes a greater columnar appearance than on the dorsal side. The
three soma-dependent genes, nudel, pipe and windbeutel, function to transform the
polarity of the follicular epithelium into the positional information that polarizes the
embryo (Roth and Schiipbach, 1994). The positional information could be
transmitted by a spatial cue having an asymmetric distribution, with the highest
level (depicted by the darker shade) ventrally.
Below. The spatial cue could persist in the embryo as an immobilized component
the perivitelline space, maintaining its asymmetric distribution. The ventral side,
with highest level of the spatial cue, achieves the level of pro tease cascade activation
that is sufficient to produce Toll ligand.
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Figure 1.2. M odel of Transmission of the Positional Inform ation
that Defines the Embryonic Dorsal-Ventral Axis.
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Chapter II

The nudel Gene Encodes an Unusual Mosaic Protein with
a Protease Domain Involved in Defining Embryonic
Dorsal-Ventral Polarity in Drosophila

Summary

Dorsal-ventral polarity of the Drosophila embryo is induced by a ventral
extracellular signal, which is produced by a locally activated protease cascade within the
extraembryonic perivitelline compartment. Local activation of the protease cascade
depends on a positional cue that is laid down during oogenesis outside the oocyte.
Here I present evidence that the nudel gene encodes an essential component of this cue.
The nudel gene, which is expressed in follicle cells covering the oocyte, encodes an
unusual mosaic protein resembling an extracellular matrix protein with a central serine
protease domain. My findings suggest that embryonic dorsal-ventral polarity is defined
by a positional cue which requires the nudel protein to anchor and to trigger the
protease cascade producing the polarity inducing signal.
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Introduction

Embryonic dorsal-ventral polarity in Drosophila is determined by positional
information that originates outside of the embryo. This information is created by
follicle cells, the somatic tissue surrounding the oocyte responsible for secreting
eggshell components (Schupbach, 1987; Stein et al., 1991). The follicle cells may
create a spatial asymmetry in the eggshell that is utilized after fertilization to polarize the
embryo. This unusual mechanism for defining embryonic polarity has been referred to
as "delayed induction," as the positional information created by the follicle cells is
transmitted long after these cells have degenerated toward the end of oogenesis (St.
Johnston and Nusslein-Volhard, 1992).
The external spatial asymmetry is conveyed to the embryo through a signal
transduction pathway involving maternal gene products (reviewed in Chasan and
Anderson, 1993). A ventrally restricted signal is first generated within the perivitelline
space between the embryo and the vitelline envelope, the innermost layer o f the
eggshell. This signal acts as a ligand for the membrane receptor Toll, which is
uniformly distributed on the embryonic surface (Hashimoto et al., 1988, 1991; Stein et
al., 1991). Ventrally activated Toll causes the dorsal protein to translocate from the
cytoplasm to the nucleus and consequently to become distributed in a nuclear
concentration gradient in which the highest level is found in ventral nuclei of the
syncytial embryo (Roth et al., 1989; Rushlow et al., 1989; Steward, 1989). A member
of the rel/NF-KB family of DNA binding proteins, dorsal both activates and represses
the transcription of zygotic genes (reviewed in Govind and Steward, 1991). The
graded distribution of the dorsal protein thus specifies the regional expression of
zygotic gene products that elaborate the embryo's dorsal-ventral pattern (reviewed in
Ferguson and Anderson, 1991).
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An important question is how the signal that functions as Toll ligand is ventrally
localized. Among the maternally acting genes required to produce Toll ligand, spdtzle
is most immediately upstream of Toll and therefore likely encodes the ligand (Morisato
and Anderson, 1994). Proteolytic processing of the spatzle protein to produce the
active form of Toll ligand requires the products of the genes gastrulation defective,

snake, and easter (Morisato and Anderson, 1994; Schneider et al., 1994). These gene
products are structurally similar to zymogens of serine proteases that require proteolytic
cleavage to become active (DeLotto and Spierer, 1986; Chasan and Anderson, 1989; K.
Konrad and L. Marsh, personal communication). Like the enzymes of mammalian
blood clotting, they may be sequentially activated in a cascade (Chasan et al., 1992;
Smith and DeLotto, 1994). Transplantation and biochemical experiments suggest that
the snake and easter zymogens and the spatzle protein are freely diffusible within the
perivitelline space (Stein and Nusslein-Volhard, 1992; Chasan et al., 1992; Morisato
and Anderson, 1994). Thus, activation of the proteases necessary for spatzle
processing must be spatially localized to limit production of Toll ligand to the ventral
side of the embryo (Chasan et al., 1992; Smith and DeLotto, 1994).
Three genes—nudel, pipe, and windbeutel—are required to generate positional
information that directs the ventral formation of Toll ligand. Embryos derived from
mothers mutant for any of these genes completely lack dorsoventral polarity, apparently
because the protease cascade leading to Toll ligand fails to be activated (Stein et al.,
1991; Stein and Nusslein-Volhard, 1992; Chasan et al., 1992; Morisato and Anderson,
1994; Schneider et al., 1994; Smith and DeLotto, 1994). Experiments with genetically
mosaic females indicate that the ventral formation of Toll ligand requires the activities of

nudel, pipe, and windbeutel in somatic tissue, presumably the follicle cells which
secrete eggshell components around the oocyte during oogenesis (Schtipbach et al.,
1991; Stein et al., 1991). These observations have led to the idea that the nudel, pipe,
and windbeutel gene products function to generate a ventrally localized component of
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the vitelline envelope which directs the local activation of the protease cascade
producing Toll ligand (Chasan et al., 1992; Hecht and Anderson, 1992).
Here I present evidence that the nudel gene product plays a direct role in locally
producing Toll ligand during embryogenesis, rather than an indirect role required
during oogenesis. The fragility of eggs produced by nudel mutant mothers initially
hinted that the nudel gene product is a component of the eggshell required for structural
integrity of the egg. In temperature shift experiments, nudel function can be disrupted
after fertilizauon, suggesting that the nudel gene product is present and functional
during early embryogenesis. I cloned the nudel gene and found that it is expressed in
follicle cells when they are secreting vitelline envelope components during oogenesis.
The nudel gene encodes a large modular protein that structurally resembles extracellular
matrix proteins. The nudel protein contains several motifs that may bind serine
proteases or their zymogens. Strikingly within the center of its primary structure is a
serine protease domain likely to be catalytically active. Based on these findings, I
propose that nudel is required both to anchor and to trigger the protease cascade leading
to Toll ligand, and is therefore an essential component o f the extracellular cue that
defines embryonic dorsal-ventral polarity.
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Materials and Methods

Fly Stocks
The wild type stock was Oregon R. Some o f the recessive alleles of nudel (ndl)
and the pipe (pip) allele used in my studies were isolated in screens for mutations
causing female sterility (Anderson and Nusslein-Volhard, 1984); other ndl alleles were
isolated in screens for mutations that fail to complement another ndl allele (D. Morisato
and K.V. Anderson, unpublished). The recessive alleles offs(l)K I0 , gurken (grk),
torpedo (top), and windbeutel (wind) were provided by T. Schiipbach (Wieschaus et
al., 1978; Schiipbach, 1987; Neuman-Silberberg and Schiipbach, 1993). The P
element line 371 used in the generation of the chromosomal deficiencies (see below)
was provided by W. Gehring (Gehring et al., 1984), and the P element line 1(3)3844
by T. Laverty (NIH Genome Center and Howard Hughes Medical Institute).

Determination of the Temperature-Sensitive Period of n u d el
Because embryos from wild type mothers differentiate into larvae that hatch out
of the eggshell, whereas dorsalized embryos from nudel mutant mothers fail to hatch,
we used the percentage of hatchers as a measure of nudel activity in temperature shift
experiments. The n d fi and ndftG mutations were used. At the permissive temperature
(18°C), about 80% of the eggs laid by ndfitndftG females (mated with Oregon R
males) develop into larvae that hatch; while at the non-permissive temperature (29°C),
all eggs laid by the same females fail to hatch (Figure 2.2A and B).
For the temperature downshift experiments, n d fi/n d l^ females were first
placed at 29°C for 10 days and provided with fresh males every other day. Beginning
at 5 hours before shifting the flies to 18°C and for 72 hours afterwards, eggs produced
by these females were collected at various times and allowed to develop at 18°C for 5
days (Wieschaus and Nusslein-Volhard, 1986). The oogenic stage at time of
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downshift was deduced by adjusting the duration o f oogenic stages at 25°C as
described by David and Merle (1968) for slower development at 18°C (Powsner, 1935;
the effect of temperature on ovarian development is assumed to be identical to that on
embryonic, larval or pupal development).
Two distinct temperature upshift experiments were performed. In the first,
ndfttndftG females reared at 18°C were shifted to 29°C. Then at various times eggs
were collected from these females over a 1 hour interval and allowed to develop at
29°C for 3 days. The results are shown as the negative time points in Figure 2.2B. In
the second experiment, mutant females remained at 18°C, while only their eggs were
shifted to 29°C. Following 1 hour of egg collection at 18°C, eggs were shifted to
29°C at various times to continue development for 3 days. The results are shown as
the positive time points in Figure 2.2B.
For each experiment, we counted the newly hatched larvae and the unhatched
eggs during the 3-5 day period following egg collection to calculate the percentage of
eggs that hatched (each time point in the downshift and upshift experiments represents
an average of 1000 and 250 larvae + eggs, respectively). To confirm that the inability
to hatch was due to dorsalization of embryos, cuticles of the unhatched embryos were
examined (Wieschaus and Nusslein-Volhard, 1986).

Generation and Analyses of Chromosomal Deficiencies
To isolate deficiencies in the region containing the nudel gene, males o f the 371
strain, which has a P element with the w+ eye color marker in the 65A/B region of the
polytene chromosome, were irradiated with 4000 rads of X-rays and then crossed to w~
I w females. From 60,000 FI progeny, we isolated 41 which lost the

eye color

marker and established stable stocks from 20 of these flies.
Polytene chromosome preparations from larval salivary glands were examined
to determine the cytology of deficiencies. The proximal breakpoints of Df(3L)CH12
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and Df(3L)CH39 are at 65C1,2 and 65B5, respectively. By similar analyses we
determined that the P element line 1(3)3844 has a deletion of the interval 65B1-65C1
adjacent to the P element insertion site at 65C1. As shown in Figures 2.3 and 2.4,
complementation analyses localized the nudel gene between the proximal breakpoints
of Df(3L)CH12 (at 65C1,2) and Df(3L)CH39 (at65B5).

Chromosome Walk and Molecular Analyses of the Genomic Region
Containing the nudel Locus.
Starting with the cloned pale gene at 65B/C provided by W. Neckameyer
(Neckameyer and Quinn, 1989), DNA covering the nudel locus was cloned from
cosmid and phage genomic libraries provided by J. Tamkun (Tamkun et al., 1992).
The chromosome walk extended 160kb from the pale locus, which maps 10 kb outside
of the proximal breakpoint of Df(3L)CH12, to the proximal breakpoint of

Df(3L)CH39. The proximal breakpoints o f Df(3L)CH12 and Df(3L)CH39 were
molecularly mapped by probing genomic Southern blots containing DNA from the
parental 371 strain and 371/deficiency heterozygotes with labeled fragments from the
cloned region (see below). Also mapped within the cloned region was the proximal
breakpoint o f the 1(3)3844 deficiency. Since Df(3L)CH39 complements nudel and

1(3)3844 does not, the location of nudel was narrowed to the 70 kb of DNA between
the proximal breakpoints of these two deficiencies.

RNA In Situ Hybridization Analyses of Ovaries
RNA in situ hybridization analyses of whole-mount ovaries were performed
according to Suter and Steward (1991). Ovaries were dissected into ovarioles before
fixation to minimize artifactual asymmetries in hybridization signals likely to be caused
by non-uniform fixation or accessibility o f probes to fixed tissue. DNA to detect RNA
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for the vitelline envelope protein Sv23 was provided by G. Waring (Popodi et al.,
1988).
Egg chambers in ovaries of females homozygous for the following mutations
were analyzed: top^,fs(l)K10^,fs(l)K10^, and pip6^4 The abnormal morphology
of many o f the egg chambers (e.g., bipolar and severely elongated) produced by the
strongly and moderately ventralizing alleles grk^G21 and g rk ^ G made it difficult for
us to assess the effect of these mutations on nudel expression. The analysis of nudel
expression in windbeutel mutants was complicated by the small numbers of
homozygous mutant females, due to the severely reduced viability o f these
homozygotes, and by the fact that trans-heterozygous combinations
(wind^RS 1/windM88 and winc[AR5I/winciM 4 6 ) yielding sufficient numbers of
females produced weakly dorsalized embryos.

Cloning of cDNAs
Segments of genomic DNA from the chromosome walk which hybridized to the
8.4 kb transcript in Northern blots were used as probes (see below) to screen ovarian
cDNA libraries provided by P. Tolias (Stroumbakis et al., 1994) and G. Waring
(Hawley and Waring, 1988). Twenty four partial cDNAs were isolated; they
overlapped to span 8,230 nucleotides of the nudel transcript length. A cDNA
corresponding to the 5’ end of the nudel transcript was isolated by PCR from the
ovarian cDNA library of G. Waring. For the PCR, primer 1 contained antisense
sequence from the most 5’ cDNA that we had previously isolated plus a Not I
restriction site: 5’-

CCGCCGCCGGCGGCCGCGGCATTCAGCGCTGCAATCTGCTGC
(sequence from cDNA is in bold). Primer 2 was a lambda gtlO forward sequencing
primer with a Not I restriction site (Huynh et al., 1985): 5’-

CCGCCGCCGGCGGCCGCGAGCAAGTTCAGCCTGGTTAAGTCC (lambda
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gtlO sequence is in bold). PCRs contained 0.5 |iM of each primer; 0.2 mM each of
dATP, dCTP, dGTP and dTTP; IX PCR buffer; and 5 units of AmpLiTaq polymerase
(Cetus Corporation). Each reaction was subjected to 35 cycles o f 1 min at 94°C, L min
at 55°C and 3 min at 72°C. The amplified 600 bp fragment was cloned into the Not I
site of pGEMl lZf(+) (Promega) and sequenced. Its sequence was identical to that of
genomic DNA which hybridizes to nudel mRNA except for the presence o f two introns
of 450 and 56 nucleotides.

DNA Sequencing and Sequence Analyses
The nudel cDNAs were subcloned into pGEM7(+) (Promega). Internal primers
and nested deletions, generated with exonuclease EH (Henikoff, 1987), were used for
sequencing. Both strands o f the composite cDNA representing the entire nudel
transcript length were sequenced by the dideoxy chain termination method using an
automated sequencing system (Sanger et al., 1977; Applied Biosystems). Sequences
were assembles and analyzed with the programs of the Wisconsin Genetics Computer
Group. Data base searches were performed using the FASTA program (Lipman and
Pearson, 1985).

Nucleic Acid Techniques
Adult genomic DNA was prepared as described by Levis et al. (1982). Total
ovarian RNA was isolated as described by Chasan and Anderson (1989). Isolation of
poly(A)+ RNA by oligo(dT) cellulose chromatography, Southern blots, and Northern
blots of 7% formaldehyde/0.8% agarose gels were done according to Sambrook et al.
(1989). Digoxigenin-labeled DNA probes for Southerns, Northerns, RNA in situ
hybridizations, and library screenings were prepared by random priming according to
instructions in the Boehringer Mannheim Genius kit. Probes were detected with antidigoxigenin antibody conjugated to peroxidase (1:2000 dilution for Southerns and
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Northerns, and 1:5000 dilution for library screenings). Southerns and Northerns were
visualized with ECL (Amersham).
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Results

Dorsalized Embryos and Fragile Eggs Produced by nudel Mutants
Female flies lacking normal nudel activity produce embryos that become
dorsalized, the phenotype produced if the nuclear gradient of the dorsal protein fails to
form (Roth et al., 1989; Steward, 1989). The cuticle formed by dorsalized embryos
mostly contains structures normally restricted to the dorsal surface of the wild type
cuticle (Figure 2.1 A and B). In addition to becoming dorsalized, eggs produced by

nudel mutant mothers are unusually fragile and therefore very sensitive to manipulation
(Anderson and Nusslein-Volhard, 1986). This additional phenotype has not been
described for mutations in the two other somatically required genes, pipe and

windbeutel (Anderson and Nusslein-Volhard, 1986; Schiipbach et al., 1991). The
fragile egg phenotype is produced by most but not all nudel mutant alleles (see

Discussion; see Chapter 3). The fragility may be due to a defect in the vitelline
envelope, the inner eggshell layer, as it is particularly apparent after the chorion, the
outer eggshell layer, is removed from the eggs (see Chapter 3). Thus, the nudel gene
product could be a component of the vitelline envelope required for structural integrity
of the egg.

Temperature-Sensitive Period for nudel Function
Since embryonic dorsal-ventral polarity depends on maternal nudel activity in
somatic tissue, the nudel gene product could function during oogenesis. Yet if the

nudel gene product is a component of the vitelline envelope, nudel function could also
be required after fertilization. To examine when nudel function might be required for
establishing polarity, I carried out temperature shift experiments using females carrying
the heat-sensitive alleles ndft and ndfiG to regulate nudel activity during ovarian and
embryonic development (see Materials and Methods). As shown in Figure 2.2A,
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the temperature-sensitive period for nudel function begins roughly at stage 7 of
oogenesis, just before the beginning of yolk deposition and the expression o f genes
encoding vitelline envelope proteins by the follicle cells (Mahowald and Kambysellis,
1980; Spradling, 1993). Most importantly, as shown in Figure 2.2B, the temperaturesensitive period for nudel function ends roughly 2 hours after fertilization. Thus, nudel
function is required not just during oogenesis but also during early stages of
embryogenesis.

Cloning of the nudel Gene and its Expression in Ovarian Follicle Cells
The fragile egg phenotype caused by nudel mutations and the requirement for

nudel function after fertilization suggested that the nudel gene product could be present
during early embryogenesis to act directly in producing Toll ligand. In order to
understand how the nudel gene product functions biochemically in this process, I
decided to clone the nudel gene. Previously, the nudel gene had been localized by
meiotic recombination to position 3-17 in the left arm of the third chromosome
(Anderson and Nusslein-Volhard, 1984). To localize the nudel gene in the polytene
chromosome map, I generated deficiencies within the nudel gene region by X-ray
mutagenesis (see Materials and Methods). By complementation analyses using
these deficiencies and a deficiency associated with a P transposable element insertion, I
localized nudel to 65B5-65C1 (Figure 2.3). Starting with a cDNA from the pale gene
(Neckameyer and Quinn, 1989), I isolated 160 kb of DNA covering this region in a
chromosome walk. By Southern blot analyses, I mapped the breakpoints of the
deficiencies Df(3L)CH39, which complements nudel, and 1(3)3844, which does not
complement nudel, within the cloned region. The mapping of these breakpoints
enabled me to refine nudel's location to a region containing 70 kb of DNA (Figure 2.4).
Since nudel was determined to be required in somadc tissue, it was expected to
be expressed in the follicle cells that cover the developing oocyte during oogenesis
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(Stein et al., 1991). I therefore tested whether the 70 kb region encodes a follicle cellspecific transcript by RNA in situ hybridization analyses of ovaries. DNA from only
one segment o f this region hybridized to RNA expressed almost exclusively in follicle
cells. Expression o f this RNA was first detectable at a low level in stage 7 of oogenesis
but reached a peak level during stages 9 and 10 when the follicle cells are known to
express genes for vitelline envelope proteins (Figure 2.5A and B). Interestingly, in the
majority o f egg chambers, this RNA was asymmetrically distributed, with a higher
level seen in ventral than in dorsal follicle cells. Although this asymmetry was
moderate in 53% o f stage 9 or 10 egg chambers (Figure 2.5A), it was striking in about
18% o f the stage 10 egg chambers (Figure 2.5B). In the remaining 29%, the
distribution of the follicle-specific RNA was not noticeably asymmetric. This RNA
decreased dramatically in level during late stage 10 , becoming undetectable by stage 1 1
(data not shown). As a control and for comparison, I analyzed the distribution of the
RNA encoding the vitelline envelope protein Sv23 (Popodi et al., 1988). Although this
RNA was also expressed at a high level during stages 9 and 10, it was uniformly
distributed in most of the egg chambers (Figure 2.5C).
To determine if the follicle cell-specific RNA that I identified represents the
nudel transcript, I performed Northern blot analyses using poly(A)+ RNA from ovaries
of normal and nudel mutant mothers. When blots containing these RNAs were probed
with DNA that detects the follicle cell-specific RNA by in situ hybridization, a single
RNA of approximately 8.4 kb was detected in normal ovaries (Figure 2.6). This RNA
was undetectable or greatly reduced in amount in several of the strongest nudel
mutants, and appeared to be truncated in the n d l ^ mutant. By Southern blot, PCR,
and DNA sequence analyses, I found a deletion of 569 bp in genomic DNA from the
n d l ^ mutant which is likely responsible for truncation of the RNA (see Chapter 3;
Figure 2.4). This deletion toward the 3' end of the RNA is expected to cause a frame
shift during translation that would truncate the single long open reading frame encoded
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by the 8.4 kb RNA (see below). The alterations in abundance and structure of the 8.4
kb RNA in nudel mutants, and its expression in follicle cells, provide strong evidence
that this RNA is the nudel transcript.

The nudel Gene Encodes a Large Extracellular Protein
To isolate cDNAs to the nudel mRNA, I used genomic DNA that hybridizes to
the 8.4 kb RNA as a probe to screen ovarian cDNA libraries. I isolated numerous
partial cDNAs that overlap to span most of the nudel transcript length. A cDNA
corresponding to the 5' end of the transcript was isolated by PCR (see Materials and

Methods). Together, these cDNAs can encode an RNA of 8230 nucleotides,
excluding the poly(A) tail. Since this length is very close to the size of the nudel
transcript estimated by Northern blot analyses, very little of the nudel RNA sequence is
missing from the cDNAs that we isolated. Sequence analysis o f the nudel cDNAs
revealed a single long open reading frame that spans most of the nudel transcript length
(Figure 2.7). The conceptual translation of the open reading frame predicts a protein of
2616 amino acids or 292 kDa in molecular weight (Figure 2.8).
The amino acid sequence indicates that the nudel protein has the potential to be
secreted. A stretch of hydrophobic residues near the N-terminus of the protein could be
part of a signal sequence as seen in secreted and membrane-anchored proteins, since it
is shortly followed by a possible signal sequence cleavage site (Figure 2.8; von Heijne,
1983). No other significant hydrophobic region could be found in the rest of the
molecule by hydropathy analysis, so nudel is not expected to be a transmembrane
protein (data not shown; Kyte and Doolittle, 1982).
The nudel protein is predicted to be extensively glycosylated. There are 23
potential sites for N-linked glycosylation throughout the molecule (Figure 2.8;
Marshall, 1972), and two regions rich in serine and threonine that may be sites for Olinked glycosylation (Figure 2.8 and 2.11; Carraway and Hull, 1991). Nudel also has
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three potential sites for glycosaminoglycan (GAG) attachment, as seen in proteoglycans
of the extracellular matrix (Figure 2.8 and 2.11; Bourdon et al., 1987; Krueger et al.,
1990). With glycosylation, the nudel protein is predicted to be greater than 300 kDa.

Nudel is a Modular Protein with an Internal Serine Protease Domain
Like extracellular matrix proteins, the nudel protein is structurally modular,
consisting of discrete motifs and domains. Two types of sequence modfs are repeated
in the protein. The first, consisting of nine residues and the sequence WI(I/L)D, is a
novel motif which we call the "WED" repeat. Nudel contains six copies of this repeat
within the N-terminal threonine-rich region (Figure 2.8 and 2.11). The second
repeated motif is a cysteine-rich sequence, consisting of about 40 residues, which was
first identified in the ligand binding domain of the low density lipoprotein (LDL)
receptor (Figure 2.8 and 2.9; Yamamoto et al., 1984). This motif, called a type A
repeat, is found in a variety of proteins including the basement membrane component
perlecan (Murdoch et al., 1992), the multifunctional receptor LDL-receptor-related
protein (Herz et al., 1988), enterokinase that initiates the digestive enzyme cascade
(Kitamoto et al., 1994), and complement proteins that form the terminal cytolytic
complex (Esser, 1994). In each of these proteins, the type A repeat is thought to
mediate specific protein-protein interactions (see Discussion). The nudel protein
contains eleven copies of the type A repeat in four clusters (Figures 2.8 and 2.9).
The most striking features of the nudel protein's primary structure are two
regions similar to the catalytic domains of extracellular serine proteases in the trypsin
family (Figures 2.8, 2.10 and 2.11). The more C-terminal region is only similar to the
N-terminal half of the catalytic domain (Figures 2.8, 2.10 and 2.11). This "protease
like" domain lacks the residues of the catalytic triad (histidine, aspartic acid, serine)
required for enzymatic activity, so it is not likely to be active as a protease (Hartley,
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1970; Kraut, 1977). However, this domain may have some o f the binding properties
of an active enzyme.
The region near the middle of nudel in contrast is highly similar to the entire
catalytic domain of a serine protease (Figures 2.8,2.10 and 2.11). In addition to
regions highly conserved in serine proteases, the catalytic triad residues are found.
Also present are eight cysteines that may form four intramolecular disulfide bonds
within the catalytic pocket, as in chymotrypsin. Overall, nudel’s central protease
domain is most similar to the catalytic domains of vertebrate plasma kallikreins (34%
identity; Chung et al., 1986). Three key residues that line the substrate binding pocket
of trypsin and confer amino acid specificity are conserved in nudel's protease domain,
suggesting that the nudel protease will cleave after lysine and arginine (Figure 2.10;
Hartley, 1970).
Nudel's protease domain would presumably require proteolytic cleavage to
become activated. Many serine proteases, like those involved in blood clotting, are
made as zymogens that must be cleaved to become active. Cleavage occurs between an
N-terminal regulatory region and the C-terminal catalytic domain at the peptide bond
preceding a conserved IVGG sequence (Davie et al., 1979; Furie and Furie, 1988). In
nudel, an arginine is just N-terminal to the IVGG sequence at the beginning of the
protease domain, implying that a protease specific for basic residues activates nudel's
protease activity (Figure 2.10). Upon cleavage, the catalytic domain of nudel is
predicted to remain attached to the N-terminal region through a disulfide bond, as in the
regulated proteases of blood clotting.
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D iscussion

I have characterized and cloned nudel, a gene maternally required in somatic
tissue for ventral formation of Toll ligand that induces dorsal-ventral polarity of the
Drosophila embryo. My genetic and molecular analyses suggest that the nudel protein
is a component of the positional information that is laid down during oogenesis to be
used after fertilization for defining embryonic dorsal-ventral polarity. Because of its
mosaic structure containing diverse protein binding motifs and a serine protease
catalytic domain, nudel could function both to anchor and to trigger the protease
cascade that produces Toll ligand. I therefore propose that the nudel protein plays an
essential role in defining embryonic dorsal-ventral polarity by acting as the spatial
organizer of this protease cascade.

Nudel as a Stable Component of the Perivitelline Space
Several observations suggest that the nudel protein is a component of the
perivitelline space surrounding the embryo. The fragility of eggs laid by nudel mutants
provided the first hint that nudel function is required not just for embryonic dorsalventral polarity but also for structural integrity of the egg (Anderson and NiissieinVolhard, 1986). As this fragility is usually apparent after removal of the outer eggshell
layer, nudel could be a structural component of the vitelline envelope surrounding the
embryo (see Chapter 3). Consistent with this notion is the fact that nudel is most
highly expressed in follicle cells of the ovarian egg chamber around the time these cells
are secreting major structural proteins of the vitelline envelope (Figure 2.5 A and B;
Fargnoli and Waring, 1982). Since nudel is predicted to be secreted protein (Figure
2 .8 ), it could be exported to the extracellular compartment between the follicle cells and

the oocyte during oogenesis. Although nudel is synthesized during oogenesis by
follicle cells that are shed prior to egg deposition, the requirement for its function
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during early embryogenesis (Figure 2.2 A and B) strongly suggests that it persist in
embryo, probably as a component of the vitelline envelope. Immunolocalization
studies of ovarian egg chambers and of embryos still within their vitelline envelopes
will be required to obtain direct evidence that the nudel protein is an extracellular
molecule and a component of the perivitelline space.
Like proteoglycans and other proteins of the extracellular matrix, nudel could be
stabilized and immobilized within the perivitelline space. That it is not freely diffusible
is consistent with the inability to transplant nudel activity in experiments involving the
transfer of perivitelline space fluid between embryos (Stein et al., 1991; Stein and
Nusslein-Volhard, 1992). How nudel might be immobilized is not yet clear.
Although the fragile egg phenotype associated with most nudel mutations could
mean that the nudel gene product is a structural component of the vitelline envelope,
nudel is not similar to major structural proteins of the vitelline envelope. In addition to
being much larger than these proteins, which are in the range of 14-24 kDa, nudel lacks
a motif of 38 amino acids found in several vitelline envelope proteins (Popodi et al.,
1988; Scherer et al., 1988). It is possible that nudel becomes covalently attached to the
vitelline envelope when structural proteins of the vitelline envelope become cross-linked
via disulfide or dityrosyl bonds during late oogenesis (Fargnoli and Waring, 1982).
Alternatively, nudel may be non-covalently associated with the vitelline envelope, or
even the plasma membrane of the oocyte and embryo, via carbohydrate moieties of Olinked or GAG chains, or the RGD sequence (Figure 2.11; D'Souza et al., 1991;
Gould et al., 1992).

Nudel as a Protease
The serine protease domain in the center o f its primary structure suggests that
nudel functions as a protease. This conclusion is supported by my preliminary DNA
sequence analyses of nudel mutations (see Chapter 3). In the protease domain region

52

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

of the n d lU l allele, the highly conserved glycine just two residues C-terminal to the
active site serine is changed to an arginine. Although I do not know if there are other
changes in the n d l ^ allele, this change in the protease domain is likely to impair
catalytic activity. Interestingly, n d l m causes embryos to become completely
dorsalized but does not produce an obvious fragile egg phenotype (see Chapter 3).
This uncoupling of the two phenotypes associated with nudel mutations suggests that
the nudel protein has two funcdons: one, to provide structural integrity to the egg; and
the other, to act as a protease direcdy involved in defining embryonic dorsoventral
polarity.
Its central serine protease domain makes it possible for nudel to initiate the
protease cascade leading to producdon of Toll ligand. According to genedc and
molecular analyses, the proteins encoded by the genes gastrulation defective, easter,
and snake act sequentially: gastrulation defective is required for the processing of the
snake zymogen to produce active snake, which could cleave the easter zymogen; active
easter may then directly process spatzle to produce Toll ligand (Chasan et al., 1992;
Morisato and Anderson, 1994; Schneider et al., 1994; Smith and DeLotto, 1994). It
has not yet been possible by similar analyses to order the activities of gastrulation
defective and nudel with respect to each other, although both are required to activate
snake (Smith and DeLotto, 1994). I suggest, however, that nudel's protease domain is
capable of activating gastrulation defective. Three key residues that line the substrate
binding pocket of trypsin and confer cleavage specificity are conserved in nudel's
protease domain, implying that nudel cleaves after basic residues like trypsin (Figure
2.10). Gastrulation defective is unlike regulated proteases that have the IVGG or
related sequence just C-terminal to the activation cleavage site. It is more similar to
mammalian complement factors C2 and B, whose protease activities arise from
cleavage between pairs of basic amino acids N-terminal to the catalytic domain
(Gagnon, 1984; R. DeLotto, personal communication). Interestingly, human plasma
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kallikrein, whose catalytic domain shows greatest similarity to nudel’s protease
domain, cuts its substrates after basic residues and can activate complement factor B
(Davie et al., 1979; Hiemstra et al., 1985).
The size and structure of nudel are highly unusual for a serine protease zymogen.
Whereas easter and typical zymogens of blood clotting are in the range of 40-80 kDa,
nudel is expected to be greater than 300 kDa with glycosylation (see Figure 2.11 for
comparison). Moreover, in all known regulated serine proteases of the trypsin
superfamily, such as thrombin or easter, the catalytic domain represents the C-terminal
half of the zymogen (Figure 2.11; Furie and Furie, 1988). A single proteolytic
cleavage between an N-terminal regulatory region and the catalytic domain is sufficient
to release protease activity. In contrast, the serine protease catalytic domain is found in
the center of nudel's primary structure, raising the possibility that two proteolytic
cleavages flanking the protease domain are required to activate nudel's protease
function.
An interesting question is what molecule activates nudel's protease domain. Just
before the IVGG sequence at the N-terminus of nudel's protease domain is an arginine
residue, indicating that a protease specific for basic residues is responsible for cleavage
at this position (Figure 2.10). It is possible that pipe or windbeutel encodes such a
protease. An intriguing possibility, given that nudel's protease domain is predicted to
be specific for basic residues, is that nudel is auto-activating (LeMosy et al., in
preparation). There are several examples of serine proteases whose activities arise
through auto-activation by the zymogens, which can have weak proteolytic activities
(Gertler et al., 1974; Nebes and Jones, 1991). The proteases at the beginning of blood
clotting cascades are also thought to be auto-activated upon incorporation into surfacebound complexes that include co-factors and substrates (Wiggins and Cochrane, 1979;
see below).
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Nudel as a Spatial Determinant of Embryonic Dorsal-Ventral Polarity
For a spatial determinant to localize the protease cascade that produces Toll
ligand, it should be capable of confining the protease activities of snake and easter,
which appear to circulate as proenzymes in the perivitelline space (Stein and NiissleinVolhard, 1992; Chasan et al., 1992). The nudel protein could fulfill this role by
organizing the assembly of a macromolecular complex that includes snake and easter as
well as nudel's potential substrate, gastrulation defective (as proposed by Chasan et al.,
1992; Hecht and Anderson, 1992). Upon assembly into such a complex, the proteins
gastrulation defective, snake, and easter would become sequentially activated, the
cascade being triggered by the protease activity of nudel itself (Figure 2.12). In
mammals, the serine proteases of blood clotting that circulate in serum as zymogens
become activated in membrane-bound macromolecular complexes (Tans and Rosing,
1986). Formation of a zymogen activation complex appears to be necessary for
generating maximal protease activities as well as a mechanism for localizing protease
activities.
The nudel protein's large size and modular structure appear ideal for a role as the
scaffold of a zymogen activation complex (Figures 2.11 and 2.12). In addition to its
central protease domain, nudel contains two other structural motifs that could be used to
bind proteases or their zymogens and to facilitate the formation of a macromolecular
complex. One is the LDL receptor type A motif, 11 copies of which are distributed in
four separate regions (Figure 2.11). Repeats of this cysteine-rich motif are present in
the LDL-receptor-related protein, a huge and multifunctional receptor involved in
endocytosis of several different ligands, including tissue plasminogen activator (a
serine protease) as well as complexes of proteases and their inhibitors (Herz et al.,
1988). The LDL receptor type A repeat is also present in several components of the
complement cascade that assemble to form the terminal cytolytic complex on cell
membranes (Esser, 1994). The other motif is the protease-like domain near the C-
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terminus (Figure 2.10 and 2.11). Although this domain, lacking the three essential
residues of the catalytic triad, is not likely to have proteolytic activity, it may still be
capable of binding a substrate like an active protease.
Because of nudel’s potential role as both anchor and activator of proteases,
ventral localization of its activity could be responsible for restricting production of Toll
ligand to the ventral side o f the embryo. Spatial regulation could be achieved either by
asymmetric distribution o f the nudel protein or by its asymmetric activation. My RNA
in situ hybridization analyses indicate that in most egg chambers nuclei is expressed at a
higher level in ventral than in dorsal follicle cells (Figure 2.5A and B). While these
results initially raised the possibility that the nudel protein is ventrally enriched within
the perivitelline compartment, more recent studies have failed to demonstrate a
consistent dorsal-ventral asymmetry in distribution of the nudel protein (LeMosy et al.,
in preparation). It is possible, however, that the immunocytochemistry technique is not
sensitive enough to detect a subtle asymmetry in nudel's distribution.
In light of these observations, I consider the following model to explain how the
production o f Toll ligand is ventrally localized. In it, nudel's distribution per se does
not play an important role in defining polarity. Although present in all dorsal-ventral
positions within the perivitelline space, nudel's capability to initiated the protease
cascade is activated only ventrally by a localized factor, perhaps encoded by pipe or
windbeutel. Such factor could be ventrally enriched either in the ovarian follicle
epithelium or the perivitelline space as a result of the gurken/torpedo signaling pathway
between the oocyte and follicle cells that is important for dorsoventral polarities of both
egg chamber and embryo (see Introduction). The ventral factor could function to
activate nudel's protease domain, or another domain required to nucleate a zymogen
activation complex. Additional information will be required to accurately determine
how nudel is activated. In any case, I propose that the local production of Toll ligand
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critically depends on nudel’s ability to organize a zymogen activation complex and to
initiate a protease cascade in the perivitelline space.
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GenBank Accession Number
The accession number for the nudel cDNA sequence is U29153.
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Figure 2.1.

Dorsalized Cuticle Phenotype Produced by nu del

Mutant.
(A) Cuticle of larva from wild type female. Anterior end is to the left and
dorsal side is up. Dorsal-ventral pattern elements include ventral denticle belts,
lateral structures of head and tail, and dorsal hairs.

(B) Dorsalized cuticle produced by embryo from ndl^^tndl^^ fem ale.
Cuticle is twisted and lacks ventral and lateral structures. The dorsalized embryo,
which fails to hatch, is contained within the vitelline envelope (VE).
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A

Figure 2.2.

Temperature-Sensitive Period for n udel Function
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The graphs on Figure 2.2A and B show the percentage of eggs laid by ndftfndtfG
females that hatch following temperature shifts at the indicated times. Since the time of
temperature shift with respect to egg deposition is plotted, the negative numbers
indicate time that eggs spent in oogenesis after temperature shifts, while the positive
numbers indicate time that eggs spent in embryogenesis before temperature shifts.

(2.2A) Shift from non-permissive (29°C) to permissive (18°C)
temperature. The temperature-sensitive period for nudel begins around stage 7 of
oogenesis, just before follicle cells begin expression of genes encoding vitelline
envelope proteins. Top abscissa shows oogenic stages corresponding to times of shift
(see Materials and Methods).
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Figure 2.2.

Temperature-Sensitive Period for n u del Function
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(2.2B) Shift from permissive (18°C) to non-permissive (29°C )
temperature. The temperature-sensitive period for nudel ends roughly 2 hours after
fertilization, suggesting that nudel is also required during early embryogenesis.
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Figure 2.3. Cytogenetic Map of the n u d e l Locus on the Left Arm of the
Third Chromosome.

com plem ents
nudel
Df(3L)CH12

no
no

Df(3L)CH39

yes
walk

At the top is the 65A-D region of the polytene chromosome, and below are the
deficiencies that localize the nudel locus to the 65B5-65C1 interval. Solid bars
represent deleted regions, while gray bars represent uncertainties in the breakpoints.
Df(3L)CH12 and 1(3)3844 (a deficiency associated with a P transposable element
insertion) fail to complement nudel, whereas Df(3L)CH39 fully complements nudel. A
chromosome walk of 160 kb of DNA that covers the nudel region is represented by the
arrow.
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Figure 2.4. Molecular Map of the nudel Region.

P

1(3)3844

/A
Df(3L)CH39

/

follicle cell
expression

x
II

10 kb

y

l l

EcoRI

569 bp
deletion
in ndl18

The proximal breakpoints of the deficiencies 1(3)3844 and Df(3L)CH39 localize nudel
to an interval of 70 kb within the chromosome walk. Shown below is an EcoRI
restriction map o f DNA in this interval that hybridizes to three transcripts in the ovary.
Two, designated x and y, are expressed mostly in nurse cells, whereas the third,
represented by the thick arrow, is expressed predominantly in follicle cells (see Figure
2.5A-B). The triangle represents a deletion of 569 bp in the chromosome carrying the
ndl^S mutation that causes a truncation o f the follicle cell-specific transcript (see Figure
2 . 6 ).
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Figure 2.5A-C. RNA in situ Hybridization Analyses of Ovaries.
Egg chambers from wild type females were probed with digoxigenin-labeled DNA.
A follicle cell-specific RNA is detected by DNA from one region within the 70 kb
interval containing the nuclei locus (see Figure 2.4). More o f this RNA is detectable
in ventral than in dorsal follicle cells (A). This asymmetry in RNA level is more
pronounced in about 18% o f the stained egg chambers (B). In contrast, RNA
encoding the vitelline envelope protein Sv23 is more evenly distributed (C). All
egg chambers shown are at stage 10 , and oriented anterior end to the left and dorsal
side up. Visual localization o f the oocyte nucleus, which is invariably in the
dorsoanterior comer of the oocyte (Mahowald and Kambysellis, 1980), was used
to determine the orientation o f the egg chambers (the nucleus is not visible in the
optical sections shown here).
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Figure 2.6. Northern Analyses of Ovarian RNA.
A blot containing poly(A)+ RNA from ovaries of normal (lane 1) and ndl mutant
(lanes 2-5) females was probed with digoxigenin-labeled DNA that hybridizes to
the follicle cell-specific RNA shown in Figure 2.4A-B (5 pg RNA/lane; wt and
numbers at top represent wild type and mutant ndl alleles over a ndl deficiency).
This DNA detects a transcript of 8.4 kb (arrow) in normal ovaries that is
significantly reduced in amount in the n d l ^ (lane 3) and ndl133 (iane 5 ) mutants
and truncated in the n d l ^ mutant (lane 4). The truncation is due to a deletion of
genomic DNA from the 3' end of the transcription unit (see Figure 2.4). The same
Northern blot was probed for RNA encoding ribosomal protein A1 (RpAl; Kay
and Jacobs-Lorena, 1985) to provide a standard for RNA levels. The numbers to
the right of the blot refer to RNA size standards in kilobases.
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Figure 2.7. Nucleotide Sequence of nudel cDNA.
1
51
101
151
201
251
301
351
401
451
501
551
601
651
701
751
801
851
901
951
1001
1051
1101
1151
1201
1251
1301
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
1951
2001
2051
2101
2151
2201
2251
2301
2351
2401
2451
2501
2551
2601
2651
2701
2751

CCGGCCGGATCGCGCGGAAG TCGTCATCGT AGTGATTATC ACCGTTCTGG
ATTATCGTGCATATCAAATT GCTTTGCGAT TGCTTTTTGT GGATTTTTGT
TTGAGTGAATCGCTGTAACC TGAGGCTCCT TGTTTCCCGG CCAATTTAAC
AAAGTGCTTAACATATAATT GAAAGAAATA ATCAGCGATT TTGTGGCGTA
AAAGCTTATG TGTTAAAAAT GTCCAGAGCT TAAGTGAAAA ATCCAGAAGA
TAAATCAATT TATGAATAAT GAATTACAAC ATGGATGAGA TGGAGGCCAC
CAGGCTGCTT CGGCATCCGC GACGTTGGTG GAGCATTGGA TTCGGCAAAC
GGATCGTGGC CATCTCGATT CTGGTCATCA TCGTGTTGCT ATTTTCTCTG
GTTTACCACG GGCTAGTGGT GGAGAAAATT GATCAAGTGC AGCAGATTGC
AGCGCTGAAT GCCAGGCACC AGGTGCTTTT CAACCAGCCC TTTGAGGAGG
ATCAGTCTGC CCTGACTGTG AGTCCTCAAA CTTTGCACTT CAAATTGCTC
GACGAGGATA TGAACAAGGA TATGGAGGAT AGCAAAAACA GGAGAAGGAA
GCATATGCGG CAAATGCTGG TTAAGCTCCG GTTGAACAAG AAACACCGCA
TGCGGCGTGA TTTGCATGGG TTGGATCTGT TGGATCCCGT CCGGATGGAG
GCCAATATGC AGCACCTGTA CACCAAGCTG CGAAGCAAAA GGGCAAGAGA
AGCCCTAAGC CAGCTGGAGC ATGAGTTTGT GCGTTGCAAA AAGCATACTC
CGCAGGATTG CATGTCCGCC TTTCTGCGCA TGTACAAAAT GGCAAAGGAG
GTGACCGAGA AAATGGAGAA GATGAAGGCC ATTATGCGGG AGCAGCAGCC
GAAATTGGAA TCAAGCAGCA TGGAGTCCCA TGAACAGAAG GGTACTTTTT
CACCGGCCGA CCTGATTCAG GTGACAACTG CAGAGGCCAC AACGGTTGCG
GTACATGCCA CTGAAAAGCC AGCGAGGACT AAGATTAAGC CTTCAAGGAT
CAGCTGGATC ATCGATGGGC ACGATCATGA CGAGAGTCCA GTTTATACAG
ATGGTGCCCC CAAGAAGGAA ACAACCAAGG CACCTTGGAA CACCACACAA
TTGGTCGAAA TTACAACCAC AAAAATAGAT GCAACCGCTA CCGAAAGAAC
GACTGTGGAG AGCACTACAG AGAAAATAAG CTGGATTCTG GATCACTTTG
ACAAGCCCCA AGAGATTTTA CGTACAACCG AGGGACCAGG GCAGCGAATC
ATTAGAAATG TAACCACCAC ATCGGCATCC TCCGAGCCAA TAGTTGACAC
GGAAACCACT AACAGTGATC ACGTGCCCAC CACGGAAAAC GGATTGGTAT
TCAATATAAC TACCGATGGA CCAGTGGAAA CTACGAAATC CACCGCTCAG
CGAAAATTGT CATTCGATTG GATACTGGAC GGAGAGGAAA ATGTAGAGCC
GGAAGTCAAG TCCACCAACA CTACGACAAC AACTGCGGCG ACCACGACGA
CAGGAGCAAC TTCGGAAACC ATCATTGTCA CCACAGAGCT GCCAAAAATA
ACTTTTGATT GGATTATTGA CGGAAGGGAA GTGGTAGAGC CGCAGGAAAC
TACTACTGAA GTCACTGGGA CCACGGAAAG ACTGCGTAAG ATGCCATTCG
ATTGGATTAT TGACGGGGAA GAAGTTGTGG AGCCGCAGGA GAATGTCACC
ACCACAACCA TTGCGACAAC TGTGGCAGTC AGCACAACCG AAATCAACGA
GAGAATTCAT AATTCCACTG CCTATCCCAC TAAGCCGAAG CCGGTCAAGT
TTGACTGGAT CATCGATGGA GGAGAGTCCA GTGGTGAGGT AAGCACTAGC
TCCACAAGCC AACCAAAGTT GACTACTAGG GAGGCGATCA GCAATCCAGA
ATCACCACGA TCCTCACATC CGCTGGACAA CCCTACCAGC ATCGAAAACA
TGCTGGAAAG CTTTGAGCAA CACGAGGAGC AGAAACCCAT TCTCAGGGTC
TTAAACGCAA ATGAATCCTC CTCAGAAACC GTGACGGATG GCTACGAACG
TCAGTTGTGG CTGAAGAAGT TTGAGGATCA GGCAAGGCCA AATCAAAACG
AACTCATAGA TACTTTTGGA ACCGCTCTAG ATGCTAAAGC CCTAGACAAA
ATGGGACCCA AAATCAATCC ACTTAACGGA CACACTTGGA ATGCTGCCGA
CGCCCAAATT CTTAGTCTTT GCGAACGAGT GGCTCTGCGG ATGCGCAACA
AAGTTGCCAC CATGTCAGAC GGTGAGACGA AGGAGAAGGG TGAAACCTTC
ACGGCTTCAC CCAGTGTACA GTTTACCAGT CGAGCTCCTG GCGGATTTCC
AGTGTCCGGT GAAACAATGA AGGCCTCAGC ACAGTTTATG TTTAACCCCA
ACTTCGGAAT GCCCAGCATT CCCGTTTGCT TCTACATGAC GCCTGCCAAT
TTCCGTATGC CCATGTGGTC GAATACGCCC ACATTTATGG GCATGCAGGG
TGCGCACTTT GGAGGATCAT CGAACCCTGG CGCAGGCATA TTTTTTGTGC
CTCAGCAGTT TGGACCGAGC GGAAACTTCT TCGGCGGAAG TGGCGGATCC
GGAGCCGGCG GCCAGGGTGC CAATATCTTC TCGAAGAACG CCTCACCACA
GAAACCGACA AACGGCCAGC AGCAGGTCTA CTGCAGCTAC ATGCAGAATC
AATCGGGTCG GGGAGCAGGA CAATCGCAGA CATCTAGTCA GCAGCAGCAG
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Figure 2.7. Nucleotide Sequence of nudel cDNA (continued).
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GGTGGACAGT
TCAGACAAGC
CAGGATTGCC
GATCAGTTTT
GTGTGATAAT
CCTGTGCAGA
TGCCCTATGG
TTACTCCTGC
CGATTTCTAT
TGTTTGAATG
GGCGGATCAT
ACAATTATCG
GCGGCTTTAG
TTCGTTGAAT
AGCCATCCCT
AATAGCCACG
GATGCAGTGC
GAGTAAGAAG
ATTGTTGGTG
TATCTATAGA
GTTGGATCAT
TATGAAGTGC
ACAGATCCAG
GAAGTATGCG
TTCAATCGAT
AGTAGGCGAC
TGGTTGGTTG
CGCCAGGTTA
GGCTTCAGAA
GCCAGGGTGA
GATGAGTTCT
TCCTCAGGAG
TGGAAATGGC
CTGTGTCCAG
ACGACAGCGC
TGGGATGCAC
AATATTAGCA
GGAAAAGAGT
AGGCTGAACA
CAAACTGAAA
TACTTCAACT
CAGATTTTAC
ACAACGACAA
AACATTTTCA
CATTACCAAC
GACCTAAAGA
TTTTGAGACC
CAGACGCTCC
ACAGAAGACA
CTTGGCCACA
TAACCACATT
ACGCATAGTA
TAAATTTGTG
GTGATAGGAA
TGCAAAGATT
GGCAGATTGC

CGGCATTCTC
ACCGCCAATC
ACAACAACCC
CCTGCTTCGG
GTGGTGGATT
TCGCGTGGAT
GCGAGGACGA
TATGAAAATC
GTGCTACAGT
GACGCGATGA
ATGTCCCACG
CGGGGATTGG
CCTGTCAGAT
GTCAGTTTCC
GCA.CGCTGGA
ATTCCCTAGT
GGCCTGCCCT
AGCAGTATCG
GAAGTCA.TAC
AATGGAAAGT
CAGCGCTGCC
GTGCTGGTCT
CCCGTCTCCC
CAACGATCTC
GGGTGAAACC
GATTGGATCT
GGGAGCCATC
TCGTACCAAT
GACATTTGTG
TTCGGGTGGG
ATCTGGCCGG
TTTGGAGTCT
TACTACTCCA
GATTTATCTG
TGCGATCGCA
CTACAACTTT
CCACAACTGA
AAAATGCGGG
AGACGAGGAA
CAACACAGGG
ACCTCAGATG
AGTGAGTGAT
ATCCTTCAAC
TTTACTACAA
TACTGTTGCC
AGCTCACAGA
ACGATGGAAG
AATATTAGTA
CAACCACAAT
ATCTCTACTA
AGCACCAACT
GCAGCACTCA
TGCAAAAAGA
AGTGGATTGC
ATTTGAAGGG
GAGGACCTCA

CAATGCCAAC
AACAGGGACA
ATCCAGGAGC
TCAACAGGAG
GTTCGGATGG
GAAGAGCGTC
GCTGGGATGC
CACAGGACTT
CGACTGGAGC
GGAGCAGTGC
GTGCATCTGC
CATCCTGTGT
GGATGAAAAC
AAACCCTAAC
GTCCACTTTG
AGATCATGTG
CTAAATCATC
GATTCAAAGG
AAGTGCACTC
TCCATTGCGG
CACTGTGTCA
CCTGCGTCGC
ATGTGGTTGT
TCTCTGCTTC
TATTTGCTTA
GGGGCCCCGT
AGAGAGAAGG
TCGTAAGAAA
CTGGCGATCC
CCTCTCTTCT
AGTAGTAAGC
ACACGAGGGT
CGACTGTTGC
CGTGTGGGGC
ACGTTGATTG
TTACCAGATA
GAGTGACTAT
AGGTTATTCC
GATTTATTGA
CCCAATGGAT
ATCTATCAAT
TCAGCCACTA
TTGGTTGCCA
CTGAATCTGA
CAAACTACGA
TTTGGTCACT
TGGAGACGAC
ACAACAGAGG
TAGCAGCATT
CCATTCCAAC
ACTACTACAG
TTCTGAAAAG
TGTCTCAAAT
GAGGATGGAA
ATCTCTGAAG
CGGATGAACA

TTTAAGATGC
AATCATCTAT
GATCCAGATG
TGCATTCCTG
CAGCGATGAG
TGTGCGATGG
TTTGGCTGCG
TGCCAAACGC
GTTGCGACGG
AGCATGTTGG
TTCTGAAGGC
GCAACAATGG
AGTCGGATGG
TTTACCTGGT
CTCAGGCGTG
GCCTATGTCA
TATGCTGGAA
AAATCGTTGG
CAATGGCCAT
TGGAACCATT
TAAACTATGG
TCTAGCTACT
CCACCAAGCC
GCCTGCTGAA
CCCGACAAGG
GGAACACACT
GTCCAAGCAG
TGCACTGATC
AGATGGAGGT
GTCGCAGCGT
CATGGCAATG
CACTCTCTAC
CCAAACTTCA
GGTAAGCGGT
TTTGGGTGGC
TGGTGGGTGG
CATCCAGTGA
CATTGACGAT
AAAGCACAAC
TTATCTTTCG
AACAGATGAA
GCCCTTCCAC
TCCACAAATA
AGCTTCAACC
CAATCCCAAC
GAATTTATGG
TACTTTATCT
GAGTGAAGGA
GTTACTCTTA
CACTGAAAAG
AGTCCGCCAA
GATCAAATAC
TGTGGATATT
CTGATGAACT
GGACTCATTT
GAACTGCGTG

GTCATGCCAA
GCCAGCTATG
CCCAGAGCCC
CCGCGAGATG
TCCGCCTGCA
TTACGAAGAT
AATCGTTGGC
AATCGGTCTA
ATTCATGAAC
TCACCGATGT
TACCTCTACC
TGAAAAGTGG
ATCACTCAGC
CCTTTTATTG
CCATGGACGC
AGTGCCCCCC
CACTCGAAGA
CGATGGCCGA
TTGTGGTTGC
TATTCTGATC
AAAGTACTTC
CACCCGCCAC
TACGAAAGAA
TCCGCTGCAG
GAAGAACTAC
CTATGCACGG
TGATCCCATG
CAGAAGATCA
CGCGATGCCT
CTCTAACGCA
GCTGTGCTCG
CTGGACTGGT
GCCGCTTCAA
GTATTTCTAA
GAGGATGAGG
CGTTCGACAG
AGGAGAGCGA
GAAGATTTAA
ATCTTTAGGG
CTGAACAAAT
ACCACGAGCA
TCTTTTGCCA
TTGAAACATC
AAACAAGAAA
TTCAACTGAA
AGAGTACGAC
CTAACCTCAA
AACAACAACC
CCACCACGCC
CATGTAGCTG
GACGACAACA
AAATTCCTAA
ATGATGCGTT
GGACTGCACA
GCGATGGCAA
GAATGTCAAT
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Figure 2.7. Nucleotide Sequence of nudel cDNA (continued).
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CAAACGAATT
CGTTGCGATA
CTTTGCTTTG
CAAAGTTCAG
CGGGTAGTCT
AGCAAATGCG
ATAGCTCCGA
TTAAAAGGAG
TGACAATGTC
ACCCATCCGC
GTCGGCATCT
AAAAACATTC
TTCCTGTCCT
TTTAAGCCGC
GGATCGTCTG
TTAATGAGCA
GCAGATGTCT
CAAGCATTGG
AGACTCACTA
GCCCACAGGA
AGTGCCAAAG
TCACCCACCA
CAAAGCAATG
ACGCATCAAA
ATTCCTGCTA
CTGTTAAATG
ACTCATTAAT
CCACCTGCAA
CCCAGCGATC
CCCAACGGCC
AGCCATTTGG
ATCATAGACA
CACCCATCGT
ACGGCCGCTC
CGACAGCAAA
CTTCAAATGC
AGGACATGAC
GCCACTGATC
GAGCGACGAG
GCAGTTCCTC
GAGAAGGATT
GCACCCATTG
CGCAACCGGA
GGCATCTGGC
TGAAGTGCGT
CTAGTTATCG
GAGTTGGCGG
CAAGTATCGC
TTCAACTGAA
GCCGAGCTGG
GGAGATCAGA
AGAGGTTCTT
AATAAATGCG

CCGTTGCCCG
ATAAAGTGGA
ACCAATGGCC
CAGTACCGGA
GTGCTCATGA
GTTTGTGCTC
GTTTGTGACC
GCAGAAACCG
CAATTTACTG
TTCAAGACCA
ACGTGGAGTG
AGTGCTGGGC
ATCGCCCACC
AAATTCCGGC
GACAAACTCA
GCTCCATGAA
ATATGAATGG
GTAATGGTCC
CGTCAGCGTT
GCAATCACGA
TCCAATGTGT
TGTGTTGCCT
CGAGGCAGTG
ACCGTAGCCA
CAAGCTGCAG
TGAGTGCCGA
GGTGTTGCTC
CCAATTTGGG
AGGGTGTATT
TTGTTTAACT
TATTAGAACG
AACCGAGCTG
TGCCCGCTGG
CGATTGTCAT
AGCAGCAATG
GTGCCGAAAA
GGATGAGCCG
CGTCAAAGAT
AGTTCAGTAC
CCCTGAAGAT
GTCCCAATGG
CATCTGCAGA
AATAGCTCCA
ATACAAAATG
GAAATATGCA
ATTGATTGAC
ATAGGCAAGG
GACTCAACAA
TGAGCGCCTT
TTAGATGGAA
TGTGCCTAAA
TCGTACTCTC
AGAGCTGTAC

CTGTCTAAAA
TTGCAAGTTC
ACGATGTGCA
ATCTTCTCCA
GACTGGCTAT
TCCTTGGTTT
CAGCAGGAAA
CATGGCAGCA
AGAACGAGGT
GAGAAGGATC
CAATCCGTAC
AAGTTGTCAA
ATCGAGACGC
GATGGTTGTA
TCAAGAGTAA
GCCATTGAGG
CGATCTCTGG
ACGAGAGCTG
TTGCTGGGCG
ACAGATTCGG
TACTTTTGCA
ACCTTCCTGC
CATCAGTGTG
TTACCCGTAT
GAAAAGCAAC
GGATATGGCT
CCACGGAGCT
CTGAAAAATG
GGTCTGTCGG
ATAACAATTC
TTAGAACTGG
CAAAATGCTC
GTACCTGTTT
GATGGCAGCG
TGCCCCTGGC
GCAAGTTTTG
ACCATCTGCA
ATGCGATGGC
TGTGCAATTG
TGCATTCCTC
AGAAGATGAG
AGAAGGATTT
CAATACGGTC
CTTCCCGAAA
AAAAGTTGGG
GACGAGGAGA
TCGAAGTTTC
AGGCGTTAAT
ACATTGTTCC
TGCCACCGAT
AACCTAAAAG
GTGATAGTCC
ACATTTTATT

CTTGTTTGCC
AAGGAAGATG
CTTTGATGTG
GAAACGGCCA
CACGAGCACC
CAATGGAGCT
AGCAACCCAT
CAAATTCATT
CATAATACCA
GTCTGTTGCC
TCCAACAAAA
GGAAAAGCCA
ACAACACTCC
AATAAAAAAG
GAAAAACAAA
AGCTGCACTG
TGCATCGGAG
CCTGTCTGGC
GGGGCAAAAC
CGTGTGGACT
TCTGGAGCGC
CTGACAGTTC
CTTCATGACG
ACACAATGCT
CACCGGCTAA
TCCATTTCGG
ACCGGCCATT
TGAGCGATGC
GACTCGCACA
GGACTGCCAA
TATACAAATC
CTACCAGCCC
GCCGCAGGCT
ATGAGGAGGA
GAGATGAAGT
TGACCACGTA
GTTGTTTCAC
AAGCGAAACT
CACAGCGGAT
GTGATTTTGT
CGGTATTGCT
CTGGACCAAT
AAGTTATCGA
AGTAAACCCC
CTACAATCCA
ACAAACCCGT
AGCAATGAGT
CATCAGCAAA
TCAAGTCCAG
TCCAGCATGT
ATGACAACAT
TTTTGTGCGT
AAAAAAAAAA

ATTAAGCAAA
AAAAGGATTG
CATCAGCAGC
TGGCGTGTGG
AGGCCAAAAC
CACTACTTCA
CACACCGGAG
CTATGGTCGG
GAACTGGGAC
CCGCAAGTGT
CCACACCCCT
ATTGAACAGG
CAATGTGCAT
ATGAAATTTT
ACCATACTGG
GCCCTGGCTG
TGCTGATTGA
ATTGACTTGG
AAAGCGATCG
GCTTTGAGGG
CCTGTGCGGT
CCATCAAAAT
ATGCCACAGG
ACCAATTGCG
TCTGATGCGC
AGGAGGTGGA
ACCAAATTCA
ACATCACAAT
CAGGCTGGTT
AGTTTTAAAC
GCTGCAGGAT
CGGATTGCTC
GCGATGTGCA
AACCAAATGC
GCCGGACCAG
CCTGACTGCG
ATATCTGCAA
GCTGGGACAA
CACTTCCAGT
GTGCGACAAA
TTGGCATAGA
AGTCAGCACA
ACAGACCTAT
CGCAAGTGGA
TATAGACAGC
GCACACCTAC
CGCTGATGGG
TTCTCGCCTC
CAGACCAATT
GCTACAGACT
TTACTTGGTA
TTTAGTAGCA
AAAA
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Figure 2.8.

Amino Acid Sequence of the Nudel Protein Deduced

from the cDNA Sequence.
The cDNA sequence predicts an open reading frame for a polypeptide of 2616
amino acids. The amino acid sequence begins with the first methionine after an in
frame stop codon. The putative signal sequence at the N-terminus is marked with a
dashed underline. Potential N-linked glycosylation sites are indicated by dots
above sequence and potential glycosaminoglycan attachment sites by stippled bars
below sequence. The RGD sequence is underlined by a solid bar. The “WED"
repeats are double-underlined. The C-terminal serine/threonine-rich domain is
enclosed by a stippled box. Each of the LDL-receptor type A repeats is boxed. The
residues of the central serine protease catalytic domain are boldfaced and shaded,
whereas the C-terminal protease-like domain is underlined.
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Figure 2.8. Am ino Acid Sequence of the Nudel Protein Deduced from the
cDNA Sequence.
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Figure 2.9. Alignment of the LDL Receptor Type A Repeats of Nudel.
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The conserved residues (those found in six or more of the repeats) are boldfaced
and enclosed by shaded boxes. Gaps (dashes) were introduced to maximize the
alignment of the cysteines. The eleven LDL receptor type A repeats are found
in four clusters in the primary structure (see Figure 2.11). At the bottom are
consensuses from nudel (NDL) and the LDL receptor (LDL-r; Yamamoto et al.,
1984).
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Figure 2.10. Alignment of the Protease Domain (NDL) and the
Protease-Iike Domain (Npl) of Nudel with the catalytic domains o f human
plasma kallikrein (KAL; Chung et al., 1986), and with the Easter (EA; Chasan and
Anderson, 1989) and Snake (SNK; DeLotto and Spierer, 1986; Smith et al., 1994)
proteins from Drosophila. Numbers at the right refer to amino acids in nudel
sequence. Proteolytic activation site is indicated by the arrow. Catalytic triad
residues are boldfaced and marked by a triangle. Residues that could occupy the
substrate binding pocket as in trypsin are enclosed in shaded boxes and also
boldfaced. Cysteines that likely form disulfide bonds as in serine proteases of
trypsin family are connected by dashed lines. Two cysteines that probably form an
additional disulfide bond as in a subset of serine proteases are marked with crosses.
The cysteine marked with a star may be used for a disulfide bond with a cysteine in
the N-terminal region of nudel to link this region with the catalytic domain
following proteolytic activation. Conserved regions in catalytic domains as defined
by Furie et al. (1982) are enclosed in large boxes, whereas similarities between
nudel’s protease-like domain (Npl) and serine protease catalytic domains are
contained within the smaller boxes immediately below. Gaps (dashes) were
introduced to maximize the alignment.
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Figure 2.10. Alignment of the Protease Domain (NDL) and the Protease-like
Domain (Npl) of Nudel.
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Figure 2.11. Schematic of Nuclei's Modular Structure.
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The serine protease catalytic domain is in the center of nudel's primary structure,
preceded by a proteolytic activation site (arrow). Nudel also has a putative N-terminal
signal sequence (SS; vertical bar marks possible cleavage site), six “WED” repeats in a
threonine-rich region (“WIID”+ T-rich), three potential glycosaminoglycan attachment
sites (GAG; stars), eleven LDL receptor type A repeats (LDL-r type A), the RGD
sequence (triangle), a serine/threonine-rich region (S/T-rich), and a protease-like
domain. In contrast to the case in nudel, the serine protease catalytic domain represents
the C-terminal half o f the easter protein (EA).
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Figure 2.12.

Model Depicting Nudel's Role as Anchor and Trigger of

the Protease Cascade that Produces Toll Ligand.

vitelline envelope

NUDEL

perivitelline space
plasma membrane

Figure 2.12.

Model Depicting Nudel's Role as Anchor and Trigger of

the Protease Cascade that Produces Toll Ligand.
Nudel is fixed within the perivitelline space possibly by association with the vitelline
envelope. With its large size and multiple protein binding motifs, nudel acts as the
scaffold for the assembly of a zymogen activation complex containing gastrulation
defective (GD), snake (SNK) and easter (EA). Nudel's own serine protease domain,
perhaps auto-activated with the help of co-factors not depicted here, cleaves GD, thus
initiating the protease cascade that ends with the proteolytic processing of spatzle (SPZ)
to produce Toll ligand (arrow marked with + sign indicates proteolytic activation). The
sequential action o f GD, SNK, EA, and SPZ shown here is supported by genetic
studies but has not yet been biochemically demonstrated (Chasan et al., 1992; Smith
and DeLotto, 1994).
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Chapter III

Dorsal-Ventral Patterning of the Drosophila Embryo Is Only
One of Two Distinct Roles of the Maternal Nudel Protein

Summary

The nudel gene is maternally required to define dorsal-ventral polarity of the
Drosophila embryo. It encodes an unusual mosaic protein with a protease domain that
may trigger the protease cascade required for ventral development. This chapter
describe phenotypic and molecular analyses of nudel mutations that provide further
insight into nudel protein function. Surprisingly, nudel mutations primarily cause
either dorsalized embryos in which dorsal cell fates are expanded over ventral and
lateral cell fates or fragile eggs that fail to develop beyond early embryonic stages. The
nudel protein is therefore required not only for embryonic dorsal-ventral polarity but
also for structural integrity of the egg. Complementation and antagonistic interactions
between nudel alleles suggest that the nudel protein is functionally modular and that
protein-protein interactions are important for nudel protein function. Three nudel
mutations that produce dorsalized embryos map to the protease domain of nudel,
suggesting that this domain is specifically required for defining embryonic dorsalventral polarity. Finally, certain combinations of nudel alleles simultaneously produce
completely dorsalized and normal embryos yet very few embryos of intermediate
mutant phenotypes. The unusual biphasic distribution of phenotypes may indicate that
nudel activity above a threshold is required to generate embryonic dorsal-ventral
polarity.
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Introduction

The 11 genes of the "dorsal-group" are maternally active in establishing dorsalventral polarity of the Drosophila embryo (Anderson and Nusslein-Volhard, 1986).
They are required to specify ventral and lateral cell fates, as the loss in activity of any
dorsal-group gene results in replacement of these fates by dorsal cell fates within a
dorsalized embryo. The dorsal-group genes encode components of a signal
transduction pathway that culminates in the formation of a morphogenic gradient
(reviewed in Morisato and Anderson, 1995). At the beginning of the pathway, an
extracellular signal is generated within the perivitelline space, the compartment between
the embryonic plasma membrane and the surrounding eggshell. The extracellular signal
acts as a ligand for the transmembrane protein Toll, ultimately triggering the nuclear
localization of the dorsal protein (Hashimoto et al., 1988; Stein et al., 1991; Morisato
and Anderson, 1994; Schneider et al., 1994). While the Toll protein is uniformly
distributed in the plasma membrane, the Toll ligand appears to be preferentially
produced on the ventral side of the embryo (Hashimoto et al., 1991; Stein et al., 1991).
Ventral activation of Toll therefore leads to a ventral-to-dorsai concentration gradient of
the dorsal protein in nuclei o f the syncytial embryo (Roth et al., 1989; Rushlow et al.,
1989; Steward, 1989). The dorsal protein functions as a morphogen, as its graded
distribution determines the pattern of zygotic genes and cell fates expressed along the
dorsal-ventral dimension of the embryo.
Genetic and molecular analyses of the dorsal-group genes that act genetically
upstream of Toll have provided clues to how production of the Toll ligand could be
ventrally localized. The Toll ligand is likely generated by proteolytic processing of the
spatzle protein (Morisato and Anderson, 1994; Schneider et al., 1994). Processing of
spatzle appears to occur at the end of a protease cascade involving the snake and easter
proteins, which resemble serine protease zymogens that must be cleaved to become
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catalytically active (Chasan et al., 1992; Smith and DeLotto, 1994). Because the snake
and easter zymogens and the spatzle protein seem to be freely diffusible within the
perivitelline space, activation of the protease cascade must be spatially localized to limit
production of the Toll ligand to the ventral side of the embryo (Chasan et al., 1992;
Stein and Nusslein-Volhard, 1992; Morisato and Anderson, 1994).
The products o f three dorsal-group genes—nudel, pipe, and windbeutel—appear
to play key roles in spatially regulating the protease cascade. Experiments with
genetically mosaic females revealed that the activities of these genes are required in
somatic tissue, presumably the follicle cells that secrete components of the eggshell
around the oocyte during oogenesis (Stein et al., 1991; Schiipbach et al., 1991). These
and other experiments led to the idea that the nudel, pipe, and windbeutel gene products
function to generate a positional cue in the eggshell that directs the local activation of the
protease cascade producing the Toll ligand (Stein et al., 1991; Chasan et al., 1992).
I described in Chapter 2 evidence suggesting that the nudel gene product is an
essential component of the positional cue (Hong and Hashimoto, 1995). I cloned the
nudel gene and found that it is expressed in follicle cells when these cells are secreting
components of the vitelline envelope. [The eggshell consists of the inner vitelline
envelope, which helps to maintain the shape of the egg, and the outer chorion, the
major structural layer containing channels for gas exchange between the egg and the
environment (Spradling, 1993).] Although nudel is expressed during oogenesis,
temperature-shift experiments suggest that nudel function is required after fertilization.
The nudel protein resembles an unusual extracellular matrix protein containing several
motifs that could bind protease zymogens, including a serine protease catalytic domain.
These and other observations suggested that the nudel protein could be a component of
the vitelline envelope that organizes the local activation of the protease cascade
producing the Toll ligand.
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Here I describe genetic and molecular studies that provide additional insight into
the functioning of the nudel protein. Although nudel was identified as a dorsal-group
gene, I found that only some nudel mutations produce dorsalized embryos. Most nudel
mutations, including putative null alleles, produce embryos that fail to develop beyond
the syncytial blastoderm stage, apparently because of a defect in the vitelline envelope.
The distinct phenotypes caused by the two different classes of nudel mutations suggest
that the nudel protein has two roles important for embryonic development: to provide
structural integrity to the egg and to establish dorsal-ventral polarity. Complementation
between nudel alleles of the two classes suggest that the nudel protein is functionally
modular. Negative interactions between nudel alleles indicate possible interactions at
the protein level that may be important for nudel protein function. Molecular analyses
of nudel mutations reveal that the central serine protease domain is specifically required
for the dorsoventral patterning role of nudel. Finally, an unusual biphasic distribution
of nudel phenotypes suggest that nudel activity above a threshold is required to induce
embryonic dorsal-ventral polarity.

82

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Materials and Methods

Fly Stocks
The mutant alleles and the deficiencies 1(3)3844 and Df(3L)CH12 of the nudel
(ndl) gene were isolated in mutagenesis screens described previously (Hong and
Hashimoto, 1995, and references therein). The wild-type stock was Oregon R.

Phenotypic Analyses
Eggs were collected, embryos were examined under oil by light microscopy,
and cuticles of embryos were prepared as described previously (Wieschaus and
Nusslein-Volhard, 1986). Morphological criteria were used to determine if embryos
developed beyond the syncytial or cellular blastoderm stage, or displayed the dorsalized
phenotype when examined at 3 days after egg laying. Dorsal-ventral pattern elements
in the cuticles of embryos were scored to assess the degree of dorsalization (Anderson
and Nusslein-Volhard, 1986). Dorsalized phenotypes were classified according to
Roth et al. (1991) with the following modification. I distinguished the D2 and D3
phenotypes by the presence o f an intact cephalopharyngeal skeleton (CS), rather than
mesoderm, in D3 but not in D2 (Figure 3 .IB and C). Since most embryos in the D3
category show subtle cuticle defects, they may correspond to “cryptically abnormal
embryos” produced by weak gastrulation defective alleles (Konrad et al., 1988).
Cuticles of at least 250 embryos that failed to hatch were examined for each experiment.
I considered eggs to be fragile if they collapsed spontaneously or upon simple
manipulation with a sewing needle or paint brush. By these subjective criteria, eggs
produced by class I alleles were clearly more fragile than those produced by class II
alleles. A more objective criterion of egg fragility was the sensitivity of eggs to
removal o f the chorion with bleach. Greater than 50% of class I eggs, but less than 5%
of class II eggs, disintegrated during this procedure. When placed under oil, class I
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eggs that did not immediately disintegrate gradually displayed bubbles of increasing
size and number on their surfaces (see Results). All of these eggs collapsed within 24
hours of chorion removal, the most after less than 6 hours. In contrast to eggs
produced by the class I mutants, eggs produced by the class II alleles ndflG and n d V -^
remained intact for more than 1 week after chorion removal. However, eggs produced
by the two other class II alleles, n dfi and ndfi^O, collapsed 1-2 days after chorion
removal. Because these eggs did not collapse before or immediately after chorion
removal, they were clearly less fragile than eggs produced by the class I mutants (Table
3.1).

DNA Analyses
Genomic DNA, prepared as described previously (Levis et al., 1982), was used
to isolate DNA encoding the serine protease catalytic domain by PCR. Both strands of
the DNA were sequenced by the dideoxy chain termination method using an automated
sequencing system (Applied Biosystems). The deletion in the n d l ^ allele was
localized by Southern analysis to the 3’ region of the nudel gene (Hong and
Hashimoto, 1995). The deletion was further localized by comparing the sizes of
fragments generated from wild type and n d l^ genomic DNA by PCR using primers in
this region. DNA encompassing the deletion was isolated by PCR and sequenced as
above.
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Results

Mutations in the nudel Gene Cause One of Two Distinct Maternal-Effect
Phenotypes
The nudel (ndl) gene was identified as a member of the dorsal-group genes that
are maternally required to produce ventral and lateral cell fates in the embryo (Anderson
and Niisslein-Volhard, 1984, 1986). Females carrying loss-of-function mutations in a
dorsal group-gene produce dorsalized embryos. The dorsalized phenotype is
characterized by abnormal gastrulation and a larval cuticle having dorsal structures
expanded at the expense of lateral and ventral structures (Anderson and NiissleinVolhard, 1986). When I examined the phenotype caused by ndl alleles in trans to a ndl
deficiency (Df), we were surprised to find that only 4 out of 15 alleles produced the
classic dorsalized phenotype. The majority of ndl alleles produced a clearly distinct
phenotype, in which most eggs failed to reach the gastrulation stage or to produce a
cuticle. Based on the matemal-effect phenotypes that they produced, I have grouped
ndl mutations into two major classes (Table 3.1).

Class I nudel Mutations:

Early Arrest of Embryonic Development

The majority or all (95-100%) of the eggs produced by a female hemizygous for
a class I allele (ndl/Df) did not develop to the syncytial blastoderm stage. These eggs
appeared to be fertilized, since they exhibited the cytoplasmic clearing that occurs at the
egg periphery during initial stages of embryogenesis (Schtipbach and Wieschaus,
1989). In approximately 25% of these eggs, the plasma membrane separated away
from the vitelline envelope (Schiipbach and Wieschaus, 1989). Of those eggs that
reached the syncytial blastoderm stage (<5%), the majority stopped development at this
stage or at subsequent stages through cellularization. Only a very small fraction (<l% )
of the eggs produced by class I mutant females exhibited the dorsalized phenotype.

85

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Eggs produced by the class I mutants were very fragile and sensitive to
manipulation. Although a few eggs (-5% ) collapsed spontaneously, most (50-90%)
appeared to rupture after removal of the chorion surrounding the vitelline envelope.
When the eggs that survived chorion removal were placed under oil, bubbles appeared
on their surfaces, as if their contents were slowly leaking out. These eggs eventually
collapsed within a day. A similar "oozy eggshell" phenotype has been described for
mutations that weaken the vitelline envelope (Savant and Waring, 1989). A structural
defect in the vitelline envelope may therefore be responsible for the fragility o f eggs laid
by the class I mutants. Among the class I mutations are the putative null alleles, n d l ^
and n d l which do not produce any detectable nudel RNA (Hong and Hashimoto,
1995; Table 3.1). Thus, complete loss of maternal nudel function appears to cause
early developmental arrest and the production of fragile eggs.

Class II nudel Mutations:

Dorsalization of the Embryo

The class II alleles n d l m and ndfiGO produced embryos that were completely
dorsalized (DO; Figure 3.1) at all temperatures tested (18°, 22° and 29°; Table 3.2).
The cuticles of these embryos showed only the structures normally restricted to the
dorsal side. In contrast, the production of mutant phenotypes by the two other class H
alleles, n d ft and ndfiG, was dependent on temperature (Table 3.2; Hong and
Hashimoto, 1995). At 22° or 29°, all of the embryos produced by ndftG homozygotes
and nd/^/D /hem izygotes were dorsalized and failed to hatch. Examination of their
cuticles indicated that nearly all (98%) of the embryos were completely dorsalized while
the rest were strongly dorsalized, retaining some lateral structures (D l; Figure 3.1). At
18°, about 8% o f embryos from ndftG homozygotes as well as n d l^ /D f hemizygotes
hatched. The acdvity of the n d fi allele was more dramatically sensitive to temperature.
At 22° or 29°, 100% of the embryos laid by n dfi/D f females were completely
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dorsalized and failed to hatch, whereas at 18°, 24% of these embryos hatched (Table
3.2).
The eggs laid by class II mutants were not obviously fragile, and they remained
intact following removal of the chorion. However, I observed gradual leakage, as
described above, from eggs lacking their chorions laid by ndfi or ndfi^O mutants
(Table 3.1; see Materials and Methods). These eggs were also slightly more
sensitive to manipulation than normal eggs. Interestingly, there was no correlation
between structural integrity of the egg and mutant embryonic phenotype. For instance,
n d ft produced weakly dorsalized embryos at 18°, whereas n d lH I, which did not
obviously perturb structural integrity of the egg, caused complete dorsalization of the
embryo.

Intragenic Complementation by nudel Alleles
Because o f the distinct phenotypes produced by the class I and H alleles, we
wondered what phenotypes would be produced by a combination of alleles from each
class. In all combinations tested, the fragile egg or the early developmental arrest
phenotype associated with the class I alleles was never observed. Instead, most
combinations produced the classic dorsalized phenotype, while several exhibited
complementation and produced embryos that hatched (Table 3.3).
Whether the class I and II alleles complemented each other depended on which
allelic combinations were tested (Table 3.3). For example, the two temperaturesensitive alleles, ndfi and ndl46, but not the completely dorsalizing alleles, n d l m and
ndfiGO, complemented class I alleles. Complementation was observed at 22°, a
restrictive temperature for both ndl9 and ndflG. The ndfi allele only complemented one
class I allele, n d l whereas ndftG complemented most class I alleles. The extent of
complementation with ndfiG varied greatly among the class I alleles (Table 3.3). For
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example, n d l ^ was almost completely complemented by ndflG, whereas the putative
null alleles, ndl14 and n d l failed to be complemented.
I also examined whether the class II alleles could complement each other (Table
3.2). When the two temperature-sensitive alleles, n d fi and ndftG, were placed in trans,
a dramatic complementation was observed. At 18°, when ndfi or ndfiG alone
produced embryos that hatched at a frequency of 24% or 8%, respectively, the
n dft/ndftS combination produced a hatching frequency of 80%. At 22°, when either
n d fi or ndfiG alone produced completely dorsalized embryos (0% hatching), the
ndft/ndftG combination produced 50% normal embryos that hatched.
Combinations of the temperature-sensitive alleles and the completely dorsalizing
alleles, n d l m and ndfiG®, exhibited very modest or no complementation, even at
18°C (Table 3.2). In contrast, combinations of the temperature-sensitive alleles and a
ndl deficiency produced significant number of embryos that hatched at 18°C (Table
3.2). Since a greater frequency of dorsalized embryos was produced by n d l m and
ndfiGO than the deficiency, when combined with the temperature-sensitive mutations,
the n d i m and ndffiO alleles displayed a negative effect on the activities of the
temperature-sensitive alleles.

Unusual Distribution of Phenotypes Produced by nudel Mutations
For most dorsal-group genes, hypomorphic alleles exist that can readily be
arranged in a phenotypic series, in which progressively stronger alleles produce greater
expansion of dorsal structures at the expense of ventral and lateral structures (Figure
3.1; Anderson and Niisslein-Volhard, 1986; Konrad et al., 1988). Since 8% of
embryos produced by females homozygous for n d l ^ hatched at 18°, this allele could
be categorized as a hypomorph for having a modest effect on dorsoventral patterning.
The 92% of embryos that failed to hatch were therefore expected to have only mild
dorsoventral pattern defects. However, these embryos displayed a surprisingly broad
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range of dorsalized phenotypes (Figure 3.2A). About 12% of the unhatched embryos
appeared phenotypically wild type or were weakly dorsalized (D3), 7% were
moderately dorsalized (D2), and 9% were strongly dorsalized (Dl). Most remarkably,
72% of the unhatched embryos (66% of total) were completely dorsalized (DO). A
similar distribution o f phenotypes was produced by n d l^ /D f hemizygotes (Figure
3.2A). The n d fi allele also produced the same range of phenotypes, but their
distribution was more even (Figure 3.2A). Mutant alleles of one other dorsal group
gene, tube, have been observed to produce phenotypes ranging from normal to
completely dorsalized embryos; however, the relative frequency of each phenotype has
not been described (Hecht and Anderson, 1993).
I observed a striking biphasic distribution of phenotypes when embryos from
ndftfi/ndlU and n d l ^ / n d l ^ mutants were examined (Figure 3.2B). The two
phenotypes produced in greatest numbers by these mutants were embryos with a
normal dorsal-ventral pattern and completely dorsalized embryos. Weakly or
moderately dorsalized embryos represented only a small percentage of the phenotypes.

Initial Molecular Characterization of Lesions in nudel A lleles
The existence of a serine protease catalytic domain in the nudel protein suggests
that nudel is directly involved in activating the protease cascade that produces the Toll
ligand (Hong and Hashimoto, 1995). I therefore examined by DNA sequencing
whether this domain was altered in any of the four class II dorsalizing alleles. Unique
amino acid changes in the protease domain were found in n d l^ , n d l and ndfiGO,
but not in ndl9 (Figure 3.3). Consistent for mutations generated by ethyl
methanesulfonate mutagenesis, each change resulted from a G-to-A transition (Lim and
Snyder, 1968). In n d tfH , a highly conserved glycine just two residues C-terminal to
the active site serine was changed to arginine. In ndfiGO, another highly conserved
glycine was also changed to arginine. Since the residues mutated in n d l m and ndfi^O
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are in conserved regions thought to form the basic core structure of serine proteases,
both drastic changes are likely to disrupt severely the protease activity of nudel (Furie et
ah, 1982). In ndftG, the valine adjacent to another conserved region was changed to
methionine. Because this valine is conserved in serine proteases that are most similar in
sequence to the protease domain of nudel, such as human kallikrein (Figure 3.3; Hong
and Hashimoto, 1995), the change in ndftG may cause a modest impairment of protease
activity.
The only class I allele that I have molecularly characterized is n d l DNA
sequencing of the protease domain of the n d l ^ allele did not reveal any unique amino
acid change from the wild type sequence. However, both Northern and Southern
analyses indicated that n d l ^ encodes a truncated RNA and is missing DNA from the 3'
region of the nudel gene (Hong and Hashimoto, 1995). Sequencing of this region of
the ndtfS allele revealed the presence of a 569 bp deleuon near the 3’-end o f the coding
sequence. Taking into account an intron of 53 nucleotides within the deleted region,
the RNA encoded by n d l ^ would be truncated by 516 nucleotides. As a result of this
deletion, a frame shift would cause the production of a protein missing 402 C-terminal
residues of the wild type protein (Figure 3.4).
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D iscu ssion

I have carried out phenotypic and molecular analyses of matemal-effect
mutations in the nudel gene, which encodes an unusual mosaic protein with a protease
domain involved in defining dorsoventral polarity of the Drosophila embryo. My
results suggest that the maternal nudel protein has two roles important for embryonic
development and is functionally modular. They also suggest that nudel activity above a
threshold is required to generate embryonic dorsal-ventral polarity.

Two Roles of the Maternal Nudel Protein Important for Embryonic
Development
Mutations in nudel can be divided into two classes according to the distinct
matemal-effect phenotypes that they produce. Class I mutations produce fragile eggs
that arrest in development at early embryonic stages, whereas class II mutations
produce dorsalized embryos (Table 3.1). The two separate phenotypes indicate that
nudel is maternally required not only for defining embryonic dorsal-ventral polarity but
also for viability of the embryo. The nudel gene is therefore unique among the dorsalgroup genes that are required to establish embryonic dorsal-ventral polarity. Mothers
completely lacking the activity of any of the other dorsal-group genes produce
dorsalized embryos missing all ventral and lateral structures. In contrast, mothers
carrying apparently null mutations in nudel produce fragile eggs that fail to develop
beyond earliest embryonic stages. Only partial loss-of-fiinction mutations in nudel
produce the dorsalized phenotype. Interestingly, mutations in two genes involved in
anterior-posterior patterning of the embryo have been observed to produce fragile eggs,
suggesting that the products of these genes are bifunctional like the nudel protein
(Degelmann et al., 1990).
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The egg fragility and developmental arrest caused by nudel mutations may result
from a defect in the vitelline envelope, the innermost eggshell layer. This interpretation
would be consistent with the observation that the eggs most frequendy collapse when
the chorion, the outer eggshell layer, is removed. Less fragile eggs that do not
immediately collapse may stop developing at early embryonic stages because a defective
vitelline envelope allows leakage of essential cytoplasmic material. Similar phenotypes
of fragile egg and leaky vitelline envelope are also produced by mutations in the Sv23
gene, which encodes a major structural protein of the vitelline envelope (Savant and
Waring, 1989). The nudel protein could therefore be a component of the vitelline
envelope. However, because the nudel RNA appears to be much less abundant than
the Sv23 RNA, the nudel protein is not expected to be a major structural component
(Hong and Hashimoto, 1995). It may be a less abundant accessory factor that is
required for proper assembly of the structural proteins.
Being physically associated with the vitelline envelope would also be important
for the role of nudel in defining embryonic dorsal-ventral polarity. I proposed earlier
that nudel functions in localizing production of the Toll ligand by acting as the scaffold
of a zymogen activation complex (Hong and Hashimoto, 1995). Within the complex,
the protease domain of nudel would trigger the activation of the snake and easter
proteases, which are required for processing of the spatzle protein to the Toll ligand.
Having nudel immobilized by physical association with the vitelline envelope therefore
provides a mechanism for spatially confining the protease activities of snake and easter,
which appear to circulate as zymogens in the perivitelline space (Chasan et ah, 1992;
Stein and Niisslein-Volhard, 1992).

Organization o f Nudel into Functional Domains
Intragenic complementation as I have observed between nudel alleles suggests
that the nudel protein is organized into functional domains (Tables 3.2 and 3.3). For
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example, a class I allele may encode a protein with a defect in a region that is important
for the role of nudel in assembling the vitelline envelope; whereas a class II allele could
encode a protein with an alteration in a different region (see below) required for nudel
to trigger the protease cascade that produces the Toll ligand. Because the mutant
proteins retain different activities of nudel, they can compensate each other to provide
full nudel function. The organization of nudel into functional domains is perhaps not
surprising, since the protein is structurally modular.
My preliminary molecular analyses of nudel mutations support the idea that
nudel is a functionally modular protein. Three of the four class II alleles have point
mutations in the central protease domain, which we earlier proposed functions to trigger
the protease cascade producing the Toll ligand (Figure 3.3; Hong and Hashimoto,
1995). The changes caused by these point mutations are likely to result in proteins with
either strongly or moderately reduced protease activity and therefore in embryos lacking
normal dorsal-ventral polarity. For example, the n d l m mutation, which is predicted
to encode a protein with significantly impaired protease activity, causes the production
of completely dorsalized embryos. Because the ndlH I mutation does not lead to
obvious egg fragility, the protease activity of nudel appears to be primarily required for
embryonic dorsal-ventral polarity and not for structural integrity of the egg.
The fourth class II allele, ndft, does not have a mutation in the protease
domain. It may have a mutation in one of the other motifs of nudel, the protease-like
domain or the LDL-receptor type A repeat, that we have proposed is used to bind
protease zymogens (Hong and Hashimoto, 1995). A mutation in one of these motifs
could prevent formadon of the zymogen acdvauon complex necessary for local
acdvadon of the protease cascade producing the Toll ligand. The n d fi mutadon
primarily disrupts embryonic dorsal-ventral polarity and only mildly disturbs structural
integrity of the egg. Thus, the observation that this mutadon maps outside o f the
protease domain supports the idea that muldple domains of the nudel protein are
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required to activate the protease cascade producing the Toll ligand (Hong and
Hashimoto, 1995).
The absence o f the wild type C-terminal region in the protein encoded by the
class I allele ndU& suggests that this region is required for the role of nudel in
providing structural integrity to the egg (Figure 3.4). The C-terminal region could
represent a domain required specifically for the structural function of nudel. The
missing C-terminal region contains one of the four blocks of LDL-receptor type A
repeats in nudel, but I do not yet know whether this block o f repeats or one of the
flanking regions is important. Alternative explanations are that truncation of the Cterminal region alters the biogenesis, stability, or physical properties of nudel.
I have not yet determined the locations of mutations in the other class I alleles.
However, the difference in complementation behavior between the class I alleles and
the two class H alleles ndfiG and ndft raises the possibility that not all class I alleles
have changes in the same part of the nudel protein (Tables 3.3). Most class I alleles are
complemented to varying degrees by ndftG, yet only one class I allele, n d l^ , is
complemented by n d fi. This difference may indicate that the n d l ^ mutation alters a
different part of the nudel protein than the other class I mutations, which may map to a
region overlapping the site of the ndl9 mutation.

Possible Interactions of the Nudel Protein
Some interactions between nudel alleles that I have observed may also reflect
interactions between nudel polypeptides. An example is complementation between n d fi
and ndftG (Table 3.2). Both are class H alleles that produce dorsalized embryos as the
primary mutant phenotype, implying that the proteins encoded by these alleles cannot
activate the protease cascade that produces the Toll ligand. The protein encoded by
ndfi, which has a wild type protease domain, may retain protease activity yet be unable
to initiate the protease cascade because it lacks the functioning of a distinct protein
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domain required to bind protease zymogens within an activation complex. In contrast,
the protein encoded by ndftG, having a mutant protease domain, could have the normal
ability to bind protease zymogens but diminished ability to initiate the protease cascade.
Normal nudel function could be reconstituted if the two mutant proteins dimerize.
Dimerization could also be important for activating the protease activity of nudel, which
is predicted to require proteolytic cleavage (Hong and Hashimoto, 1995). Since
zymogen forms o f serine proteases have low intrinsic proteolytic activity, nudel has the
potential to become auto-activated by cleavage at the N-terminus of the protease domain
(Gertler et al., 1974; Hong and Hashimoto, 1995). Auto-activation could be achieved
by dimerization, in which the protease domain of one nudel polypeptide cleaves another
nudel polypeptide. Dimerization could alternatively be important for cell secretion of
nudel, as appears to be the case for factor XI, a serine protease of human blood clotting
(Meijers et al., 1992).
The possibility that the nudel protein dimerizes is also consistent with the
negative or antimorphic effects of the class H alleles n d l m and ndfi60 on the two
other class H alleles, n d fi and ndftG (Table 3.2). The protease domains of the proteins
encoded by n d l m and ndfi-60 have mutations that are likely to reduce proteolytic
activity significantly (Figure 3.3). The n d l m and n d l - ^ polypeptides could therefore
complex with the n d ft and n d ffi polypeptides to form dimers that fail to auto-activate
the protease activity o f nudel. An alternative possibility is that the n d l m and ndfiGO
polypeptides form inactive complexes with the substrate of nudel.

Threshold of nu del Activity
The allelic combinations n d l^ /n d l^ and n d l ^ / n d l ^ produce mostly wild type
and completely dorsalized embryos yet few weakly or moderately dorsalized embryos
(Figure 3.2B). My interpretation of this unusual biphasic distribution of phenotypes is
that the level of nudel activity in the n d l^ /n d l^ and n d l ^ / n d l ^ mutants is often
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sufficient to overcome a threshold required for normal dorsal-ventral polarity.

However, when nudel activity is below this threshold, embryos develop no polarity
rather than diminished polarity. The threshold may be close to the level o f nudel
activity provided at permissive temperature by the n d l ^ / n d l ^ or n d l^ I D f mutant
(Figure 3.2A), which produces a much lower percentage of embryos with a normal
dorsal-ventral pattern than either the n d l ^ / n d l ^ or n d l^ /n d l^ mutant. Activation
thresholds appear to be intrinsic to enzymatic cascades in which the enzymes are subject
to inhibitory control (Beltrami and Jesty, 1995). Thus, in mammalian blood clotting,
the stimulus that initiates the protease cascade leading to clot formation must be at a
sufficient level for protease activation to exceed inactivation. By analogy, the threshold
of nudel activity that we have described may reflect the role of nudel as the trigger for
the protease cascade involved in inducing embryonic dorsoventral polarity.
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Table 3.1. Two Classes of nudel Mutations Based on Their
Maternal-effect Embryonic Phenotypes.
Females hemizygous for each nudel allele over the deficiency 1(3)3844 were mated
to OR males. Eggs were collected and incubated at 22°. The embryonic
phenotypes and egg fragility were assayed as described in Materials and

Methods.
a Eggs produced by ndfi or ndl~^v/ere more sensitive to manipulation than
normal eggs but were less fragile than eggs produced by class I mutants (see

Materials and Methods).
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Table 3.1.

Two Classes of n u d el Mutations Based on

Their M aternal-effect Embryonic Phenotypes.
Allele

Embryonic phenotype

Fragile egg

ndllO

early developmental arrest

+

n d lH

early developmental arrest

+

ndl^2

early developmental arrest

+

ndl^3

early developmental arrest

+

ndl14

early developmental arrest

+

ndl15

early developmental arrest

+

ndl

early developmental arrest

+

ndU 7

early developmental arrest

+

ndl^S

early developmental arrest

+

nc[[I33

early developmental arrest

+

ndl!69

early developmental arrest

+

Class I

Class I I
,/+ a

n d ft

dorsalized

ndl46

dorsalized

-

ndl^-3-i

dorsalized

-

ndl260

dorsalized

-f+a
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Table 3.2.

Temperature Sensitivity and Genetic Interactions of

ndfi

1

Class II nudel A lleles.
ndl46

n d lU l

ndl260

Df

NEK*

80 (50)

0 (2)

0 (0)

24(0)

8 (0)

0 (0)

0 (0)

8 (0)

ND*

0 (0)

0 (0)

0 (0)

0 (0)

ndl46
ndm
ndfiGO

Table 3.2.

Temperature Sensitivity and Genetic Interactions of Class II

nudel A lleles.
The percentages of embryos that hatched from eggs laid by females carrying the
indicated combinations o f class II nudel alleles were calculated. The results for
embryos collected and incubated at 18° and at 22° (in parentheses) are shown. No
hatchers were produced at 29° by any of the allelic combinations that were tested. The
deficiency used was 1(3)3844. Over 200 eggs from females of each genotype were
analyzed.
a ND, not determined. Chromosomes carrying the ndfi and n d l m alleles are
homozygous lethal.
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Table 3.3.

Complementation between Class I

and Class II n u d e l Alleles.
Class II allele
Class I
allele

ndl4$

n d fi

ndl111

ndl260

ndl10

0

1

0

0

ndl11

0

28

0

0

n d l^

0

5

0

0

ndl

0

1

0

0

ndl14

0

0

0

0

ndl111

52

90

0

0

ndl111

u

22

0

0

ndl1?

0

34

0

0

ndl18

0

55

0

0

ndl1^ 3

0

0

0

0

ndl16$

0

3

0

0

Table 3.3.

Complementation between Class I and Class II nudel

A lleles.
The numbers refer to the percentages of embryos that hatched at 22° from eggs laid by
females carrying the indicated combinations of class I and II nudel alleles. Since none
of the class I and class H alleles produced hatchers when homozygous or when
hemizygous over a deficiency at 22° (see Results and Table 3.2), the percentages
represent the extent o f complementation between the class I and class II alleles.
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Figure 3.1.

Dorsalized Phenotypes Produced by nudel Mutants.

Dorsal-ventral pattern elements in the cuticles of embryos were used to classify the
degree of dorsalization.
(A) Embryo with wild type dorsoventral pattern that hatched.

(B) Weakly dorsalized D3 embryo, which failed to hatch, has all identifiable
dorsal-ventral pattern elements, including ventrally derived denticles (VD) and
dorsolateraily derived fllzkorper (FK), but displays minor defects such as reduction
in size of one or more ventral denticles.
(C) Moderately dorsalized D2 embryo, in addition to the defects seen in the D3
embryo, has a severely disorganized cephalopharyngeal skeleton (CS) or is missing
this structure entirely.

(D) Strongly dorsalized D1 embryo lacks ventral denticles but has filzkorper.
(E) Completely dorsalized DO embryo displays only the dorsal epidermis.
The dorsalized embryos shown here were produced by ndfifyndftG females.
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Figure 3.2. Unusual Distribution of Phenotypes Produced by n u d el
M utants.

60 -

V 40 -

20

-

-a
DO

D1

D2

D3

H

phenotype

Graphs on Figures 3.2A and B show the percentage of embryos produced by indicated
nudel alleles at 18° which were completely dorsalized (DO), strongly dorsalized (D I),
moderately dorsalized (D2), weakly dorsalized (D3), and phenotypically normal
hatchers (H).

(3.2A) Embryos produced by ndl^G/ndftG, n d l^ ^ /D f and n d f t / D f exhibited
a broad range of phenotypes. Most notably, for n d l ^ / n d l ^ and n d l^ /D f mutants,
even when some embryos were phenotypically normal, the majority were completely
dorsalized rather than weakly dorsalized.
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Figure 3.2. Unusual Distribution of Phenotypes Produced by n udel
M utants.
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(3.2B) Em bryos from n d l^ G /n d l^ and n d l^ ^ /n d l^ ^ m u ta n ts exhibited a
striking biphasic distribution o f phenotypes in which phenotypically normal and
completely dorsalized embryos predominated.
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Figure 3.3. The Amino Acid Changes in the Central Serine Protease Domain
Caused by Class EEnudel Mutations.
Y -p o ly m o rp h is m in ndl,9 ndl?6ndl111& ndl260

NDL
KAL

1191
RIVGGSHTSALQWPFWAI --YRNGKFjHCGGTIYSDRWIISAAHCVINYG
RjlVGGTNSSWGEWPWOVSLlOVKLTAORHLCGGSLIGHOWVLTAAHCFDGLP

1241

NDL
KAL

-KYFYEVRAGLLRRSSYSPATQIQPVSHVWHQAYERRSMRNpLSLLRLLN
LODVWRIYSGILNLSDITKDTPFSOIKEIIIHONYKVSEGNHDIALIKLOA
M
IVI -n d l46
a ..ndl260

NDL
KAL

PLQFNRWVKPICLP DKGRTTVGDDWIWGPVEHTLCTVjVGWGAIRElKGP S SD
PLNYTEFQKPICLP SKGDTSTIY--------- TNCWVHGWGFSKHKGEIQN

t

A

1292

R—ndl 111
NDL
KAL

PMRQVI VP IRKK— CT----DPEDQASEDICA
ILOKVNIPLVTNEECOKRYODYKITORM-VCA'
P -p o ly m o rp h ism in ndl? ndl?6 ndl111&. ndl260

NDL
KAL

GGKDACKGDSGGPL.

13 79

CRSVSNADEFYLAjGWSHGNGCARPQEFGVYTRVTLYLDWLE
CK---HNGMWRLVG IT SWGEGC ARREO PGVYTKVAEYMDWIL

The serine protease domains of nudel (NDL) and human kallikrein (KAL), which have
the highest degree o f sequence similarity, are aligned (Chung et al., 1986; Hong and
Hashimoto, 1995). Numbers refer to the predicted amino acid sequence of nudel
(Hong and Hashimoto, 1995). Residues of the catalytic triad are shown in boldface
type and marked by a triangle. Residues in the conserved regions of serine proteases as
defined by Furie et al. (1982) are encased in boxes. Unique amino acid substitutions
found in specific nudel alleles are indicated by bold letters above the affected residues.
Changes found in all mutant nudel alleles sequenced to date, shown in plain letters
above the sequences, are probably due to polymorphisms among the different stocks
used to make the library from which nudel cDNAs were isolated (Hawley and Waring,
1988) and to generate nudel mutations (Anderson and Niisslein-Volhard, 1984).
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Figure 3.4. Truncated Nudel Protein Encoded by n d l Allele.

SS
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GAG
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Protease
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Protease
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type A
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i:2%2in

wild
type

ndl 18

200 aa

Shown at top is a schematic of the wild type nudel protein, modified from Hong and
Hashimoto (1995). The nudel protein contains a central serine protease domain, a
possible proteolytic activation site (arrow), a putative N-terminal signal sequence (SS),
six copies of the WTID or related sequence in a threonine-rich region ("WHD"-t-T-rich),
three potential glycosaminoglycan attachment sites (GAG, stars), eleven LDL-receptor
type A repeats (LDL-r type A), the RGD sequence (triangle), a serine/threonine-rich
region (S/T-rich), and a protease-like domain. The class II mutations shown in A
above are in the central serine protease domain. Shown below is a schematic of the
truncated protein encoded by n d l^ . Due to a deletion in the 3' end of the coding
region that causes a shift in reading frame, the 402 amino acids normally at the Cterminus are replaced by 75 amino acids not in the wild type protein.
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Chapter IV

CONCLUSIONS

As discussed earlier, the spatial cue that defines the dorsal-ventral axis of the
Drosophila embryo must be capable of conveying the positional information originating
in the follicle cells to the embryo, and spatially regulating the protease cascade that
produces the Toll ligand. My studies provide evidence that an unusual mosaic protein
encoded by the nudel gene meets both criteria of the spatial cue and is therefore an
essential component of this cue.
For the ovarian follicle cells to faithfully transmit positional information, they
must generate a spatial cue that is stably immobilized in the extraembryonic perivitelline
space. The nudel protein, which is probably secreted by the follicle cells into the
extracellular compartment between follicle cells and the oocyte, apparendy persists in
the perivitelline space of the mature egg, since its function is required following
fertilization. Several features of the nudel protein, namely its enormous size (>300kD),
extensive modular structure and potential glycosaminoglycan (GAG) side chain
attachment sites, are characteristic of many extracellular matrix (ECM) proteins and
therefore consistent with an earlier observation suggesting that nudel may be
immobilized in the perivitelline space (Stein et al., 1991; Stein and Niisslein-Volhard,
1992). To which part of the egg nudel might be immobilized is not yet clear. It is
possible that nudel becomes cross-linked to structural proteins of the vitelline envelope
during oogenesis (Fargnoli and Waring, 1982). This notion would be consistent with
my finding that nudel appears to be required also for vitelline envelope integrity.
Alternatively, nudel may be noncovalentiy associated with the plasma membrane via its
carbohydrate chains or the RGD sequence. Biochemical fractionation and
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immunolocalization studies of eggs will be essential to determine whether nudel is
physically associated with the vitelline envelope or the plasma membrane.
My analyses of nudel mutations suggest that the nudel protein has two distinct
functions: one, to provide structural integrity to the egg; and the other, to generate
embryonic dorsal-ventral polarity. Certain nudel mutations produce the extreme egg
fragility, while others produce the dorsalized phenotype. Moreover, intragenic
complementation observed between nudel alleles producing the two distinct phenotypes
suggests that the nudel protein is functionally modular. Consistent with its dual
function, the nudel protein appears to be a unique chimeric molecule retaining features
of an enzyme as well as a structural protein. Besides appearing to be by far the largest
member of the trypsin family of serine proteases, the nudel protein is also
unprecedented for a serine protease in having two distinct regions with similarities to a
catalytic domain. In a general sense, nudel appears more like an extracellular matrix
molecule with a couple of catalytic domains tacked on than merely a very large
protease.
The fact that the establishment of embryonic dorsal-ventral polarity apparently
requires the catalytically functional protease domain of nudel strongly suggests that
nudel is yet another integral member of the protease cascade leading to production of
Toll ligand. While biochemical evidence for direct interaction between the proteases is
still lacking, genetic and molecular analyses have ordered the serine proteases of the
cascade in the following sequence of activation: gastrulation defective, snake, and then
easter (Chasan et al., 1992; Morisato and Anderson, 1994; Schneider et al., 1994;
Smith and DeLotto, 1994). Nudel clearly acts earlier in the cascade than snake, but
whether nudel acts before gastrulation defective is not yet known (Smith and DeLotto,
1994). Based on the residues lining the putative substrate binding pocket of nudel’s
central protease domain, nudel is predicted to cleave after basic residues. Because the
predicted activation cleavage site of snake is preceded by leucine, snake is highly
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unlikely to be a direct substrate of nudel. By contrast, gastrulation defective is
predicted from its similarities to mammalian complement factors C2 and B to be
activated by cleavage between a pair of basic amino acids (Gagnon, 1984; R. DeLotto,
personal communication). Therefore, the nudel protease is more likely to be
responsible for directly activating gastrulation defective than vice versa. If so, of the
four serine proteases involved in the cascade producing the Toll ligand, nudel would be
at the start of the sequential activation process.
How then might the protease domain of nudel become activated? In nudel, an
arginine is just N-terminal to the conserved IVGG sequence at the beginning of the
serine protease domain, indicating that a protease specific for basic residues is
responsible for its activation. It is possible that pipe, windbeutel or a gene not yet
identified encodes such a protease. Another intriguing possibility is that nudel could be
auto-activating (LeMosy, personal communication). By analogy, Factor XII, the first
component of the intrinsic pathway of blood coagulation, appears to be capable of auto
activation (Bouma and Griffin, 1986). Genetic complementation between the weakly
dorsalizing alleles n d ft and ndftG could be consistent with the notion that nudel is
auto-activated. Furthermore, the antimorphic effects of n d l m and ndfiGO, the two
alleles likely to eliminate enzymatic activity, on ndft and n d ffi could reflect a
disruption in nudel auto-activation. Yet another possibility involves reciprocal
activation between nudel and one of the other proteases in the cascade. During contact
activation of the intrinsic coagulation pathway, when factor XU associates with a
negatively charged surface, it becomes more susceptible to proteolytic activation by
plasma kallikrein, which possesses low levels of protease activity in the zymogen form.
Upon activation, factor XU activates plasma kallikrein, in effect triggering a positive
feedback response (Bouma and Griffin, 1986). A similar scenario can be envisioned
where nudel's substrate becomes proteolytically activated by the central protease
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domain upon physical association with the nudel zymogen. The activated nudel's
substrate could then cleave nudel, completing the positive feedback loop.
I find significant that certain nudel mutants can produce many wild type and
completely dorsalized embryos simultaneously, but only a few weakly or moderately
dorsalized embryos. My interpretation o f this unusual biphasic (either complete or no
polarity) distribution of phenotypes is that nudel activity above a certain threshold is
required to generate embryonic dorsal-ventral polarity. Furthermore, based on
theoretical studies which predict that a protease cascade will exhibit threshold behavior
in the presence o f enzyme inhibitors (Beltrami and Jesty, 1995), I propose that the
threshold level required to generate embryonic polarity is set by inhibitors of nudel or
other proteases in the cascade. While no such inhibitor has yet been identified,
presence of protease inhibitors in dorsal-ventral patterning would not be surprising
since inhibitors play important roles in localizing protease cascades in other biological
processes (Potempa et al., 1994). For example, spatial localization of the blood
clotting proteases is dependent on the formation of zymogen activation complexes on
cell membranes at sites of tissue damage, and on the presence of circulating protease
inhibitors that rapidly inactivate soluble proteases as well as proteases localized in
macromolecular complexes (Potempa et al., 1994; Broze, 1995).
In addition to the central protease domain, nudel contains eleven LDL-receptor
(LDL-R) type-A repeats and a protease-like domain, all of which could be used for
interaction with other components of the cascade. The LDL-R type-A motif, for
example, forms a rigid "calcium cage" structure well suited for binding unrelated
macromolecules (Brown et al., 1997). Furthermore, multiple LDL-R type A repeats
can function in combination to allow recognition of muldple ligands. In nudel, LDL-R
type A repeats are found in four clusters, each of which could bind a specific protease
in the cascade (Figure 2.11; Figure 2.12). Like the LDL-R type A repeats, the
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protease-like domain could be used to bind a substrate. Alternatively, it could function
as a decoy of the protease inhibitors.
Nudel's structural features, including its enormous size, raise the possibility
that nudel acts as a scaffold that organizes the assembly of a macromolecular complex
that includes gastrulation defective, easter and snake (Figure 2.12). Upon assembly
into such a complex, the proteases would become sequentially activated, the cascade
being triggered by the protease activity of nudel itself. In addition, complex assembly
could involve binding of nudel to prodomains of the proteases, thereby releasing
prodomains' intramolecular inhibition of catalytic domains (Smith et al., 1995).
Formation of a zymogen activation complex would provide the mechanism for
confining the protease activities and thus localizing production of the Toll ligand to the
prospective ventral side. In summary, the nudel protein appears to be well suited for a
role as the spatial determinant involved in the ventral formation of the Toll ligand.
Because of nudel's potential role as both anchor and activator of proteases,
ventral localization of its activity could be responsible for restricting production of Toll
ligand to the ventral side of the embryo. Spatial regulation could be achieved either by
asymmetric distribution of the nudel protein or by its asymmetric activation. My RNA
in situ hybridization analyses indicate that in most egg chambers nudel is expressed at a
higher level in ventral than in dorsal follicle cells (Figure 2.5A and B). While these
results initially raised the possibility that the nudel protein is ventrally enriched within
the perivitelline compartment, more recent studies have failed to demonstrate a
consistent dorsal-ventral asymmetry in distribution of the nudel protein (LeMosy et al.,
in preparation). Furthermore, expression of nudel with a heatshock promoter is able to
restore normal dorsal-ventral polarity to mutant embryos, suggesting that polarity is not
defined at the level of nudel transcription (Hashimoto, personal communication).
Thus, the apparent ventral enrichment of nudel RNA which I observed probably does
not determine embryonic polarity; instead, it may merely reflect a polarity of the follicle
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epithelium. Such a possibility is suggested by the fact that (3-galactosidase expression
driven by the promoter for the vitelline membrane protein 32E (VMP32E) gene is
initially localized to the ventral follicle cells, with progressive extension of expression
to the dorsal region (Gargiulo et al., 1991).
A plausible hypothesis from the above observations is that, while nudel is
distributed at all dorsal-ventral positions within the perivitelline space, it is capable of
nucleating a zymogen activation complex and triggering the protease cascade only on
the ventral side. How then might nudel activity be localized to the ventral side? One
possibility is that nudel's protease domain is activated ventrally by a cofactor or another
protease, perhaps encoded by pipe or windbeutel. Such a cofactor or activator could be
ventrally localized in the perivitelline space, forming in essence a line along the entire
length of the egg. With nudel serving as a large scaffold anchoring the protease
activities within an activation complex, the protease activation cascade would remain
spatially restricted to the ventral midline. In this view, nudel fulfills many of the unique
features of the spatial cue that defines dorsal-ventral polarity, but it would not be the
sole component of this cue.
An important alternative view is that the spatial regulation occurs at a posttranscriptional level such that an "active" form of nudel capable of organizing a protease
cascade is synthesized only by the ventral follicle cells (Figure 4.1). In this view, the
pipe and windbeutel gene products function only during oogenesis to modify nudel, but
they do not persist in the fertilize egg to directly act on the serine protease cascade that
produces Toll ligand. For instance, an active form of nudel capable of initiating the
protease cascade could be produced by alternative splicing. Although my preliminary
Northern and PCR analyses did not reveal any evidence for alternatively spliced species
(unpublished), this possibility has to be addressed more thoroughly.
Latest molecular studies of pipe and windbeutel support the notion that pipe and
windbeutel function to post-translationally modify the nudel protein during its
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synthesis. According to Konsolaki and Schiipbach (1998), windbeutel encodes a
putative component of the endoplasmic reticulum that could be required for proper
folding of the nudel protein. Strikingly, pipe appears to encode a carbohydrate
modifying enzyme that is expressed in ventral follicle cells (Stein, personal
communication). Modification of nudel by pipe may involve a ventrally-localized
addition o f lipopolysaccharide or peptideglycan moieties. Such moieties, including the
bacterial endotoxin, are known to activate the serine protease cascade leading to
hymolymph coagulation involved in the immune response of the horseshoe crab
Limulus (Muta and Iwanaga, 1996). This view is particularly attractive, given that the
nudel sequence exhibits numerous potential sites for carbohydrate modification.
Further studies of pipe and windbeutel, as well as a detailed examination of nudel's
various structural motifs, including the protease domain, LDL-R type A repeats and
numerous potential carbohydrate modification sites, will be required to fully understand
how the protease cascade that produces Toll ligand is spatially regulated.
Why would Nature go through the trouble of activating a cascade of at least four
serine proteases just to make one ligand? The protease cascade probably does not
function to amplify quantitatively the downstream effectors, since only a limited amount
of Toll ligand appears to be generated (Morisato and Anderson, 1994). Rather, I
propose that the protease cascade serves to provide temporal control of the Toll ligand
production. Since Toll itself is required to restrict its ligand to the ventral side, the
ligand production must delayed relative to Toll synthesis, which follows fertilization
(Gay and Keith, 1992). Such a delay could result from a relatively late synthesis of
one or more of the proteases in the cascade. In addition, a theoretical study of blood
coagulation shows that activation of a protease cascade in the presence of protease
inhibitors can result in a transient spike of end product generation (Beltrami and Jesty,
1995). Likewise, by temporally restricting ligand production to a narrow window, the
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pro tease cascade and the inhibitory process could function to limit Toll ligand to an
appropriate level.
Recent discoveries of the role of Toll-mediated pathogen resistance mechanisms
in both the fly and the human may offer an insight into the "evolutionary rationale" for
utilizing protease cascades (Medzhitov, et al., 1997; Lemaitre, et al., 1996). While the
pathways leading to Toll activation in these contexts have not yet been fully elucidated,
it is reasonable to assume that regulated proteolysis is involved. This assumption is
especially likely for the fly’s antifungal response system, since it also requires the
spatzle gene product (Lemaitre, et al., 1996). What common functionality might serine
proteases add to the pathogen resistance and the dorsal-ventral polarity pathways? The
pathogen resistance pathways, as well as the blood coagulation pathway, must be
capable of mounting a rapid local response to an injury or pathogen. In this sense, a
protease cascade might serve as a rapid-response surveillance mechanism for an
unpredictable event. In a developmental context, fertilization could represent such an
event. For instance, female flies are known retain mature eggs in their bodies for up to
10 days until males can be found to fertilize them. Thus, using serine proteases as
intermediaries, a spatial cue stably immobilized in the extraembryonic space could
convey positional information to the embryo exclusively when the embryonic dorsalventral axis needs to be established. Such a mechanism would be an adaptation to the
context in which the positional information of one tissue (ovarian follicle epithelium)
must be conveyed to another (early embryo) when they are widely separated in
developmental time.
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Figure 4.1.

Model of Nudel as a Link between the Egg Chamber

Polarity and the Embryonic Dorsal-Ventral Axis.
Represented here are the egg chamber (above) developing in the adult ovary, and
the embryo (below). Ventral side is on bottom, dorsal on top, anterior on left, and
posterior on right (see Figure 1.2).

Above. In the ovarian follicle cells, pipe and windbeutel function to produce by
post-translational modificadon an acdve form of nudel capable of organizing a
protease cascade. The modificadon occurs either preferentially or exclusively in the
ventral follicle cells such that a ventral-to-dorsal asymmetry in nuclei activity (ability
to organize a protease cascade) is generated. The darker and lighter shades in the
follicle cells depict such a hypothetical asymmetry in nudel activity.

Below. The nudel protein persists in the embryo as an immobilized component the
perivitelline space, maintaining the ventral-to-dorsal asymmetry of nuclei activity in
the perivitelline space. The ventral side, where the level of nudel activity is highest,
achieves the level of protease cascade activation that is sufficient to produce Toll
ligand.
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Figure 4.1. Model o f Nudel as a Link between the E gg Chamb
Polarity and the Embryonic Dorsal-Ventral Axis.
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